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INTRODUCTION  AND  SUMMARY 


The  Phillips  Laboratory  Scholar  Program  was  initiated  in  June  of  1982  as  the  "Air  Force 
Geophysics  Scholar  Program”.  It  was  implemented  as  an  addition  to  the  Air  Force  Summer 
Faculty  Program  contract  and  was  addressed  to  emerging  post-doctoral  researchers  who  had 
recently  completed  the  Ph.D.  The  program  was  transitioned  to  a  separate  contract  for  the  period 
1983-1986. 

The  program  discussed  in  this  report  ran  from  7  October  1986  -  30  September  1993.  The 
Scholars  have  been  active  in  explorato^  and  advanced  development  in  those  areas  of  geophysics 
which  meet  known  and  anticipated  military  requirements.  Six  annual  technical  reports  have  been 
published  describing  the  research  effort  accomplished.  These  reports  are  on  file  in  the  office  of  the 
chief  scientist  of  the  Phillips  Laboratory  Geophysics  Directorate. 

Scholar  research  activity  during  the  program  was  impressive.  There  were  42  scholars 
participating  and  they  publish^  71  papers  in  professional  journals,  made  approximately  90 
oral  presentations  at  professional  meeting,  and  each  produced  a  firud  report  Tte  reports  for  the 
final  year  are  bound  in  this  volume. 

The  program  description  which  follows  is  taken  from  the  advertising  brochure  used  during 
the  last  two  years  of  the  contract 

PROGRAM  DESCRIPTION 

The  Phillips  Laboratory  Geophysics  Directorate  has  initiated  the  Geophysics  Scholar 
Program  to  broadra  the  direct  participation  of  qualified  researchers  in  research  programs.  The 
program  provides  research  opportunities  for  selected  Engineers  and  Scientists  holding  a  doctoral 
degree  to  work  at  the  Phillips  Laboratory  Geophysics  Directorate  for  a  12  month  research  period. 
The  appointment  may  be  extended  for  a  second  term. 

To  be  eligible,  all  candidates  must  have  a  Ph.D.  or  equivalent  experience  in  an  appropriate 
technical  fleld.  The  Scholars  will  be  selected  primarily  from  such  basic  and  applied  science  helds 
as  physics  particulariy  geophysics  and  atmospheric  physics,  meteorology,  and  space  physics,  and 
also  from  mathematics,  molecular  physics,  chemistry,  computer  science,  and  engineering. 
Applicants  must  be  U.S.  citizens. 

The  Air  Force  Geophysics  Scholar  in  this  program  will  have  the  following  specific 
obligations: 

1)  To  participate  in  advanced  research  programs  at  the  Phillips  Laboratory  Geophysics 
Directorate; 

2)  To  prepare  a  report  at  the  end  of  the  iqipointment  describing  the  research  accomplish¬ 
ments.  This  re^rt  will  be  subject  to  approval  by  the  Air  Force  Geophysics 
Directorate. 

Apolication  Information 

Qualified  technical  people  who  are  interested  in  an  appointment  under  this  program  should 
file  a  formal  application  and  supporting  materials  with  the  program  director  at  the  address  noted  on 
the  front  page.  Formal  application  forms  are  included  with  diis  booklet.  If  additional  forms  are 
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needed,  they  may  be  obtained  from  the  SCEEE  programs  office.  Appointments  may  be  made  at 
any  time,  thus  prompt  qjplication  is  entrouraged. 

SCEEE  supports  equal  opportunity/afErmative  action.  All  qualified  applicants  will  receive 
consideratbn  without  rega^  to  race,  color,  religion,  sex,  or  national  origin. 

Phinips  Laboratory  Geophysics  Scholar  Program  Qhiectives 

1)  To  provide  a  productive  means  for  scientists  and  engineers  holding  Ph.D.  degrees  to 
par^pate  in  research  at  the  Air  Force  Geophysics  Duectorate; 

2)  To  stimulate  continuing  professional  association  among  the  Scholars  and  their  pro¬ 
fessional  peers  in  the  Air  Force; 

3)  To  further  the  research  objectives  of  die  United  Stales  Air  Force;  and 

4)  To  enhance  the  research  productivity  and  capabilities  of  scientists  and  migineas 
especially  as  these  relate  to  Air  Force  techni^  interests. 

Prerequiaies  for  Appoioimfints 

To  be  qualified  for  consideration  as  a  Get^hysics  Scholar  the  applicant  must: 

1)  Be  a  U.S.  citizen; 

2)  Be  the  holder  of  a  Ph.D.  degree,  or  equivalent,  in  an  appropriate  technical  speciality; 
and 

3)  BewiUingtopursueiesearch  work  of  limited  time  duration  at  the  Air  Force 
Geophysics  Directorate. 

Although  it  is  anticipated  that  the  research  itself  may  be  unclassified,  the  Scholar  must  hold 
or  be  eligible  for  a  Department  of  Defense  SECRET  clearance  in  order  to  insure  access  to  work 
areas. 

Research  Period 

The  period  of  this  appointment  is  for  12  months  at  the  Phillips  Laboratory  Geophysics 
Directorate  research  site,  Hanscom  AFB,  Massachusetts.  Appointments  may  be  made  at  any  time. 

Financial  Terms 

Participants  are  paid  a  negotiated  salary,  plus  a  10%  salary  increment  payable  at  the 
completion  of  the  program,  26  days  vacation,  and  13  days  of  sick  leave  per  year.  Unu^  vacation 
and  sick  leave  will  be  reimbursed  at  the  end  of  the  year. 

Travel 

Travel  expenses  will  be  reimbursed  for  one  trip  from  the  Scholar's  normal  location  to  the 
Air  Force  facility  at  the  start  of  the  appointment;  and  one  return  trip  from  the  Laboratory  to  the 
Scholar’s  normal  home  base  at  the  end  of  the  appointment  period.  One  pre-appointment  visit  may 
also  be  auUibiized.  This  travel  will  be  reimbursed  in  accordance  with  SCEEE  travel  policy.  Costs 
of  relocation  of  professional  equipment  and  househdd  goods  will  be  reimbursed  if  appropriate. 
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PARTICIPATING  SCHOLARS 


The  following  list  includes  all  participating  scholars  with  geographical  and  educational 
background  data. 
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;  Scholars 
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Albuquerque,  NM 

Jay  Albert 
bhaca,b^ 

Stephen  Anderson 
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Peter  Armstrong 
Charlottesville,  VA 
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Cambridge,  MA 
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Austin,  TX 
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Boston,  MA 


University  of  New  Mexico 
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Princeton  University 
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Sl  Lawrence  University 

Ph.D.,  Physics  (Atomic  Physics).  1991 

Massachusetts  Institute  of  Technology 

PhD.,  Aeronautics/Astronautics  (Space  Physics),  1991 

University  of  Texas  at  Austin 
Ph.D.,  Geophysics  (Seismology),  1992 

Massachusetts  Institute  of  Technology 
Ph.D.,  Geophysics  (Geophysics).  1991 

Tufts  University 

PhD.,  Physics  (Perturbative  (Quantum 
Chromodynamics),  1985 

Stanford  University 

PhD.,  (Chemistry  (I%ysical  CHiemistry),  1986 

The  Johns  Hopkins  University 

Ph.D.,  Chemistry  (Theoretical  Chemistry),  1987 


Richard  Bastes 
Maynard,  MA 

Gary  Erickson 
GreenbeluMD 


The  Johns  Hopkins  University 
Ph,D.,  Physics  (Physics),  1985 

Rice  University 

Ph.D.,  Space  ^ysics  (Magnetospheric  Physics),  1985 


Robert  Fariey  Univ.  of  Colorado  Bouldm* 

State  College,  PA  Ph.D.,  Chemical  Physics  (Physical  (Chemistry),  1989 


Dorothy  Flanagan  California  Institute  of  Technology 

Acton,  MA  Ph.D.,  Chemistry  (Chemical  Physics),  1985 
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John  Foley 
LowdLMA 


James  Gardner,  n 
Hudson,  NH 

Gregory  Ginet 
Ithaca.  NY 

Richard  Gross 
Santa  Fe,  NM 

Mark  Handel 
Jamaica  Plain,  MA 


Robert  Hawkins 
Washington,  DC 

Stan  Heckman 
Cambridge,  MA 

Michael  Hoke 
New  Cariisle,  OH 

Samuel  Howard 
Leakesville,  MS 

Paul  Keyser 
Boulder,  CO 

Juergen  Krause-Polstorff 
Monterey,  CA 


Thomas  Kuchar 
Watertown,  MA 

Usama  Makhlouf 
Bedford,  MA 

Robert  McCafihey 
Braintree,  MA 

Martin  McHugh 
Boulder,  CO 

Robert  Morris 
Brighton,  MA 


Massachusetts  InsdtulB  of  Technology 
PhJ).,  Geophysics  (Seismic  Tomography  & 

Inversion),  1990 

Boston  CoUe^ 

PhJD.,  CHiemistry  (Atmospheric  Chemistry),  1988 
Cornell  University 

PIlD..  Applied  Physics  CTheoretical  Plasma  Physics),  1987 

Universky  of  Colorado  at  Boulder 

Ph.0..  G^physics  (Solid  Earth  Geophysics),  1982 

Massachusetts  Institute  of  Technology 
Sc  J).,  Atmowheric  Physics,  (Meteorology/Atmospheric 
Physics),  1991 

Ohio  Stale  University 

Ph.D.,  Physics  (Spectroscopy),  1981 

Massachusetts  Institute  of  Technology 

Ph.D„  ^mospheric  Science  (Atmos^ieric  Electticity),  1991 

Ohio  State  University 
Ph.D.,  Ihysics  (Physics),  1982 

Florida  State  University 

Ph.D.,  Physics  (Optics  •  Imaging  Processing),  1982 

University  of  Colwado  •  Boulder 

Ph.0.,  Physics  (Experimental  Gravitational  Physics),  1986 

Rice  University 

PhJ>.,  Space  l^ysics  and  Astronomy  (Theoretical 
Astrophysics),  1983 

Boston  University 

PIlD.,  Astronomy  and  Physics  (Interstellar  Medium),  1992 

University  of  Cincinnati 

Ph.D.,  Space  Physics  (Gravity  Waves),  1989 

University  of  California,  Sanut  Cruz 
Ph.D..  Geophysics  (Seismology).  1981 

University  of  Colorado 

Ph.0.,  Ihysics  (Experimental  Gravitational  Physics),  1991 
Boston  University 

Ph.D.,  Physical  Chemistry  (Gas  Phase  Chemical  Kinectics 
and  Spectroscopy),  1987 
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Bao  Nguyen 
Sl  Louis,  MA 

MarkPopecki 
Newmaiket,  NH 

Umochy  Schumaker 
Brighton,  MA 

Gregory  Sloan 
Laramie,  WY 
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Joseph  Thomas 
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Cambridge,  MA 


Donald  Vasco 
Berkeley,  CA 


Sl  Louis  University 

Ph.0.,  Geophysics  (Seismology),  1988 

Univ.  of  New  Hampshire 

Ph.D.,  Physics  (Magnetospheric  Physics).  1991 

Boston  Coltege 

Ph.D..  I^ysics,  (Space  Physics).  1986 

Univ.  of  Wyoming 

Ph.D..  Physics  (Astrophysics),  1992 

California  Institute  of  Technology 

PIlD.,  Chemistry  (Physical  Chraistry),  1981 

University  of  Pittsburgh 

PhJD.,  Oemistiy  (Gas  Phase  Chemical  Kinetics),  1986 
University  of  Colorado 

PhJD.,  Chemical  Physics,  (Gas  Phase  Reaction  Kinetics, 
Themodynamics,  and  Mechanisms),  1987 

University  of  (California  at  Berkeley 
PhJ3.,  GMphysics  (Extremal  Inversion  of  Earth 
Displacement),  1986 


Terri  Vossler 
Austin,  TX 


Washington  University 

PhD.,  Qiemistry  (Atmospheric  Sciences),  1985 


Lyn  Watson 
Medford,  MA 


Boston  College 

PhD.,  Chemistry  (Physical  Chemistry).  1989 


Raymond  Willemann  Cornell  University 

Ar^ia,  CA  Ph.D.,  CJeophysics  (Litho^hetic  Flexure),  1986 


Lorraine  Wolf 
Fairbanks,  AK 


University  of  Alaska,  Fairbanks 
Ph.D.,  (j^physics  (Seismology),  1989 
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•Neutral  Reactions:  NO***  Formation  Cross  Sections  in  N***  •H20  Collisions  and  OH 
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CIRRB  lA  and  EXCEDE  III  Measurements  of  Column  Densities  of  Rotationally  Excited  Nitric 

Oxide 

Peter  S.  Armstrong 
30  June  1993 

Abstract 

Absolute,  v-dependent  column  densities  of  the  thermalized  and  rotationally  excited  nitric 
oxide  have  been  (tetermined  from  data  obtained  with  the  CIRRIS  1 A  Space  Shuttle  experiment  ami 
the  EXCEDE  III  rocket  experiment  The  extant  of  rotational  excitntioa  exhibited  in  the  rovibrational 
fundamental  band  of  NO(X  ^  has  been  investigated  for  a  wide  range  of  atmospheric  conditions. 
In  addition,  the  NO  spin-orbit  manifold  populations  have  been  found  to  depart  from  thermal 
equilibrium,  representing  a  third  degree  of  freedom,  along  with  vibration  and  rotation,  that  are  not 
in  equilibrium.  These  results  provide  important  inputs  to  models  of  the  chemistry,  infrared  radiance, 
and  energy  budget  of  the  thermosphere. 

Introduction: 

The  CIRRIS  lA  experiment  was  flown  on  board  the  Space  Shuttle  during  mission  STS- 39, 
which  was  launched  on  28  April  1991.  The  experimental  equipment  comprised  of  a  Michelson 
interferometer  capable  of  high  resolution  (0.63  cm*^),  several  radiometen,  and  two  photometers.  The 
details  of  the  instruments  have  been  published  previously  [AHM90,BAR92].  From  this  experiment, 
high  S/N,  earth  limb  spectra  were  collected  for  a  variety  of  tangent  heights  and  atmospheric 
condition.  For  nitric  oxide,  spectra  obtained  from  tangent  heights  of  95  km  to  the  orbiter  altitude 
were  analyzed  by  a  nonlinear  least-squares  fit  to  determine  the  column  densities  of  NO  in  the  field 
of  view. 

The  EXCEDE  III  experiment  also  used  a  Michelson  interferometer  to  record  the  nitric  oxide 
spectra.  This  interferometer  collected  spectra  using  four  detecton,  covering  four  separate  frequency 
bands,  of  which  nitric  oxide  emissions  were  present  in  three  bands.  The  interferometer  observed  an 
artificial  aurora  produced  by  an  electron  beam.  The  electron  beam  produced  a  large  number  of 
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excited  ttomic  nitroten  and  oxygen  in  the  field  of  view,  which  recombine  to  produce  vibrationally 
and  rotationally  excited  nitric  oxide. 

The  rovibrational  fundamental  spectrum  of  nitric  oxide  has  its  band  center  at  1876  cm'^  (3.3 
pm).  Nitric  oxide  has  an  unpaired  electron,  and  the  ground  state  is  a  regular  *n  molecule.  Therefore, 
NO  has  emissions  from  two  spin  orbit  manifolds,  and  3/2.  Since  the  ground  state  of  NO  is  a 
’n  state,  NO  rovibrational  emissions  contain  a  Q  branch  (AJ^O)  in  addition  to  the  P  (AJ«-fl)  and  R 
(AJa-1)  branches. 

The  most  prominent  features  of  the  spectrum  are  the  P,  Q,  and  R  branches  of  the  v-1 
emissions.  The  daytime  spectra  show  sharp  features  at  2021  and  1989  cm*^,  and  these  features  are 
val  and  v«2  R  branch  band  heads,  respectively.  The  presence  of  band  heads  in  the  fundamental 
rovibrational  spectrum  indicate  population  of  highly  excited  rotational  states. 

The  spectral  analysis  uses  a  nonlinear  least  squares  fitting  routine  to  determine  the  rotational 
distribution  for  each  vibrational  level  of  the  radiating  NO  molecules.  The  results  of  the  fits  are  used 
to  determine  the  tangent  height  dependencies  of  the  molecular  population  distributions  and  the 
temperature  used  to  describe  the  thermal  distribution. 

Experimental: 

For  both  experiments,  the  analyzed  spectra  were  collected  by  Michelsoa  interferometers, 
which  were  capable  of  high  resolution.  The  interferometers  were  referenced  with  an  internal  helium- 
neon  (HeNe)  laser.  For  CIRRIS  lA,  the  detectors  were  sampled  once  for  each  fringe  of  the  laser 
light.  The  focal  plane  of  the  interferometer  consisted  of  five  Si: As  detectors.  For  EXCEDE  HI,  the 
detecton  were  sampled  either  on  each  HeNe  fringe  or  once  every  two  fringes,  depending  on  the 
frequency  response  of  the  particular  detector. 

The  data  acquisition  system  used  on  CIRRIS  lA  monitored  continuously  the  experimental 
parameters  needed  for  the  complete  determination  of  the  solar  zenith  angle,  latitude  and  longitude 
of  the  orbiter  and  the  tangent  point,  and  the  mission  elapsed  time.  For  EXCEDE  III,  many 
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supporting  instruments  measured  the  atmospheric  conditions,  such  as  visibte  and  ultraviolet 
spectrometers,  photometen,  and  diagnostics  for  the  electron  beam. 

For  CIRRIS  lA,  the  interferometer  had  a  filter  wheel  for  limiting  the  light  frequency  range 
passing  through  the  instrument.  Interferograms  collected  using  tlm  open  filter  (2.5  to  20  itm)  and 
filter  3  (4.8  to  12  i$m)  were  transformed  to  produce  the  NO  fundamental  spectrum.  The 
transformation  routine  applied  the  post- flight  calibration  to  generate  spectra  in  absolute  radiance 
units.  For  all  NO  spectra,  triangular  apodiaation  was  used  in  the  transformation  code  to  reduce  the 
number  of  sidelobes  associated  with  a  single  spectral  feature  and  to  have  an  analytic  lineshape. 

a 

Spectral  Fitting  Techniques: 

The  spectral  analysis  codes  are  based  on  codes  previously  developed  to  study  both  laboratory 
and  field  spectra  of  hydroxyl  [DOD91,  DOD93].  A  dual  Boltzmann  method  is  used  to  describe  the 
population  of  the  rotational  states,  one  for  the  "thermalized”  distribution  and  one  for  the  rotationally 
excited  distribution.  The  codes  use  a  nonlinear  least-squares  fitting  routine  to  determine  the 
linewidth  and  spectral  shift  of  the  spectra,  and  the  effective  temperature  for  each  distribution.  The 
population  of  each  vibrational  level  is  a  free  parameter  in  the  fit. 

The  analysis  codes  are  capable  of  fitting  the  populations  of  the  individual  spin  orbit  manifolds 
for  each  vibrational  level,  or  of  constraining  the  manifold  populations  to  a  ratio  determined  by  the 
rotational  temperature  of  that  distribution.  The  ability  to  allow  each  manifold  population  to  vary  is 
important  to  all  fits  to  the  data,  but  is  most  important  to  the  fitting  of  the  high  resolution  data, 
especially  of  the  v«l  Q  and  P  branches. 

The  spectral  constants  used  to  determine  line  positions  of  NO  are  based  on  the  work  of 
Goldman  [GOL75].  A  modification  of  the  centrifu^  term,  D^,  has  been  made  to  accurately  position 
the  R  branch  band  heads,  which  are  formed  from  emissions  of  highly  excited  rotational  states.  The 
band-averaged  Einstein  coefficients  are  from  laboratory  studies  of  chemiluminescent  NO  [RAW89]. 
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Results: 


The  field  observetioas  from  the  CIRRIS  lA  mission  produced  a  large  database  of  infrared 
spectra.  Inside  this  database  is  an  extensive  set  of  spectra  from  the  fundamental  rovibrational 
emissions  of  nitric  oxide.  The  set  contains  global  cover-age  of  NO  spectra  occurring  under  nighttime 
quiescent,  daytime,  and  auroral  conditions.  While  the  v>|  airglow  component  is  the  prominent 
feature  of  the  spectra,  emissions  from  highly  excited  rovibrational  states  are  present  in  the  spectra. 

Emissions  from  highly  excited  rotational  states  of  NO  were  observed  in  both  auroral  and 
daytime  conditions.  The  most  notable  indicator  of  population  in  these  states  is  the  R  branch  band 
head.  The  states  that  contribute  to  a  band  head  also  radiate  in  the  far  P  branch  for  the  particular 
vibrational  level.  For  v  >  1,  the  column  density  of  the  rotational  excited  component  is  greater  than 
the  thermal  component.  These  conditions  constrain  the  modeb  for  the  production  and  destruction 
of  NO. 

An  additional  result  from  the  fits  to  the  data  b  the  ratio  of  the  spin-orbit  manifolds  b  not  in 
equilibrium  with  the  thermal  rotational  temperature.  When  the  ratio  b  set  to  the  thermal  romional 
temperature,  the  fit  systematically  overpredicts  emissions  from  the  (^3/2  manifold  and  underpredicts 
the  f^l/2  manifold  emissions.  For  high  resolution  spectra,  systematics  are  observed  in  both  the  Q 
branch  and  the  section  of  the  P  branch  where  the  emissions  from  the  separate  manifolds  are  separated 
from  each  other.  For  low  resolution  spectra,  the  fit  to  the  Q  branch  provides  the  only  position  to 
check  for  the  spin  orbit  ratio.  The  analysb  of  the  spin  orbit  ratio  has  been  based  on  the  emission 
from  the  thermal  component.  The  analysb  of  the  spin  orbit  ratio  provides  an  additional  constraint 
on  the  production  of  NO. 

Using  the  information  of  the  highly  excited  rotational  states  and  the  spin  orbit  ratio,  a 
systematic  analysb  of  the  database  commenced  to  obtain  tangent  height  dependencies  of  the 
vibrational  column  densities.  As  described  in  the  fitting  techniques  section,  the  analysb  determined 
column  densities  for  both  thermal  and  rotationally  excited  components  for  each  vibrational  level. 

For  daytime  conditions,  there  exbts  a  trend  for  both  the  thermal  and  rotationally  excited 
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components  to  fall  off  by  a  factor  of  one  hundred  from  tangent  heights  of  120  km  to  230  km.  The 
nighttime  profile  also  shows  that  the  thermal  component  drops  by  a  factor  of  one  hundred,  but  the 
rotationally  excited  component  has  more  scatter  than  the  equivalent  daytime  distribution.  The 
radiance  levels  of  the  nighttime  quiescent  spectrum  are  smaller  by  a  factor  of  ten  compared  to  a 
daytime  spectrum  at  the  same  tangent  height.  The  emissions  from  the  rotationally  excited  states  are 
just  above  the  noise  level  for  the  nighttime  scans.  Since  the  R  branch  band  head  is  the  single  largest 
feature  indicating  that  highly  excited  rotational  states  are  populated,  the  fit  has  difficulty  in  finding 
the  corresponding  P  branch  emissions  in  the  noise. 

The  results  from  the  EXCEDE  HI  mission  shows  that  the  electron- beam  excited  atmosphere 
produces  a  vibrationally  and  rotationally  rich  spectrum,  with  up  to  ten  vibrational  levels  determined 
by  the  fitting  routines.  The  thermal  rotational  distributions  are  described  by  the  local  kinetic 
temperature  for  the  altitude  that  the  spectrum  was  collected.  The  effective  temperature  used  for  the 
rotationally  excited  distribution  is  relatively  constant,  and  a  value  of  4300  K.  was  used  in  the  final  fits 
to  the  data. 

The  results  of  the  fits  show  that  the  ratio  of  rotationally  excited  to  thermal  molecules  increases 
with  altitude,  up  to  a  ratio  of  one,  which  occurs  at  the  apogee  of  the  flight  (1 13  km).  Correlating  the 
absolute  column  densities  from  the  fits  with  the  auxiliary  instrument  measurements  will  be  used  to 
constrain  the  atmospheric  models  used  to  predict  the  amount  of  nitric  oxide  under  auroral  conditions. 
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Abstract 

The  critical  maiiatwMi  raloGity  (CIV)  is  aa  aaomalow  inaitatina  machaaiam  iifst  proposed  by  Alfvda. 
Ezperimeats  bare  coafimed  the  existeace  of  a  critical  velocity  ia  labocatoty  experiaieats,  bat  soandiag 
rochet  experiawaU  have  beea  aariagaoBS  as  to  the  easteacc  of  the  critical  vdocity  ia  the  ioaosphero. 
The  paipooe  of  this  paper  is  to  prodaoe  apper  boaad  estimates  of  aaoaaaloas  kta  prodactioa  ia  space 
baaed  experiaieato  of  the  critical  ioaiaatioB  vdodty.  The  aaalyris  idies  oa  the  resalts  of  implicit  pac^e- 
ia-cell  amalatioaa  aad  a  ample  rate  osodd  to  pi^ct  the  aamber  of  ioas  prodaced  as  a  aeattal  cload 
traverses  a  poiat  ia  space.  The  modd  aasames  a  poiat  rdease  of  aeatral  gas  ia  the  ionosphere  whicn 
is  meaat  to  represent  a  typical  soaadiag  rocket  experimeat.  The  resalts  of  the  modd  soggest  why 
strong  evidence  of  CIV  is  aot  observed  ia  space  baaed  ej^eruMats.  Space  based  experiments  reqnire 
the  aaomaloas  ioaisatioa  procem  to  be  iaitiated  throagh  seed  ioaisatioa  provided  by  charge  exch^e 
or  other  medMaisms.  This  seed  ioniiation  procem  is  too  shm  ia  ^ace  experiawats  to  ignite  CIV.  The 
results  also  indicate  that  some  of  the  space  based  resdts  caa  be  accoaated  for  by  assaming  a  large 
barinm-oxygea  charge  exchange  cram  section  instead  of  invohiag  aaonuloas  ionisation  mechanisms. 
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1  Introduction 


Alfvin  (3]  has  propoaed  that  a  neutral  gaa  propagating  aeroaa  a  magnetiaed  background  plaama  will  undergo 
an  aiKHD^ua  ioniiation  when  the  neutral'a  drift  energy  perpendicular  to  the  magnetic  field  exceeds  the 
ionisation  energy.  This  is  the  critical  iouisatioa  vdocity  (CIV)  process.  The  ‘‘critical  velocity”  for  the 
anomalous  ionisation  may  be  defined  as 

"'V— 

where  and  ue  the  mass  and  ionisatioa  potential  of  the  neutral  respectively. 

The  existence  of  the  critical  velocity  has  been  verified  in  a  series  of  laboratory  experiments  (see,  for 
example,  Axnia  [4],  [8],  Dsntefsssa,  [9],  and  JOsatefMsn  sad  Sreaataf  [10])  involving  a  hydrogen 

plasma  drifting  across  a  cloud  of  neutral  helium.  The  experiments  were  designed  so  that  the  drifting  hydrogen 
would  experience  a  colUsionless  interaction  with  the  helium  neutrals  as  the  clouds  collided.  Clasncally  the 
interaction  between  coUisionleas  gases  should  be  negligible  and  the  hydrogen  should  be  expected  to  drift 
through  the  helium.  Instead  these  experiments  showed  astrong  interaction  between  the  hydrogen  and  helium. 
The  interaction  caused  the  relative  hydrogn-helium  velocity  to  drop  to  the  critical  velocity,  electrons  to  heat 
anisotropically  along  the  magnetic  field,  and  an  increase  in  the  plaama  density.  The  drop  in  the  relative 
hydrogen-helium  vdodty  to  the  critical  velocity  is  evidence  of  the  CIV  process  at  work. 

Because  of  the  success  of  lahoratory  experiments,  several  experiments  have  also  been  carried  out  from 
sounding  rockets  and  satellites  to  test  for  CTV  in  the  ionospheric  plasma  (e.g.  Porcupine  [18],  Star  of  Lima 
[36],  Star  of  Condor  [37]  CRTT-I  [32],  and  CIUT>II  [31]).  The  results  of  these  space  baa^  experiments 
have  in  general  been  inconclusive  or  negative.  Enhancrri  ionisation,  hot  electrons  and  enhanced  electrostatic 
fields  near  the  lower  hybrid  fitequency  have  been  obsenwd  in  some  experiments,  but  other  experiments  have 
provided  negative  evidence  of  CTV. 

The  disparity  between  laboratory  and  space  based  experiments  has  led  to  further  investigatimi  of  the 
basic  mechanism  driving  CIV.  This  research  has  included  both  analytical  work  (see,  for  example,  Abe  [1], 
Goertx  ei  s/.  [17],  Mobvu  et  of.  [28],  Formiamo  et  sf.  [13],  and  Galeev  [14]),  as  well  as  numerical  work 
[2,  23,  24,  25,  27,  29,  «]. 

This  previous  work  has  led  to  the  generally  accepted  argument  that  CTV  is  a  process  driven  by  electrostatic 
instabilities.  The  general  sequence  of  events  is  th^  (1)  seed  ionisation  of  the  neutral  background  forms  an 
ion  beam  propagating  across  a  magnetic  field,  (2)  the  km  beam  is  unstable  to  electrostatic  instabilities  (e.g. 
the  modified  two  stream  instability  (M2SI),  (3)  the  M2SI  effectively  transfers  energy  from  the  ion  beam 
to  the  electrons,  (4)  the  elections  he^  to  energies  above  the  ionisation  energy  of  the  neutrals,  (5)  further 
neutrals  are  ionised  by  electron  impact  ionisation  by  the  hot  electrons,  reinforcing  the  ion  beam  and  leading 
to  a  positive  feedback  loop. 

Numerical  work  using  particle-in-cell  (PIC)  codes  has  been  useful  in  verifying  the  nonlinear  feedback 
mechanism  of  CTV.  The  use  of  PIC  code  simulations  however  has  been  restricted  by  the  computati<mal  tinK 
necessary  to  ccunplete  a  rimulation.  Tb  reduce  the  times  necessary  for  the  simulatkms  PIC  simulations  have 
used  unphysical  mass  ratios  (mj/m,  s  100)  and  reduced  dimensions.  As  shown  in  previous  work  [6]  the 
restriction  of  reduced  mass  ratios  may  be  relaxed  by  using  the  direct  implicit  PIC  method  [5].  Educed 
dimenrionality  is  still  required  however. 

Since  implicit  PIC  techniques  allow  for  the  use  of  realistic  mass  ratios  but  current  computational  lim¬ 
itations  still  require  reduced  dimensions,  fully  consistent  models  cff  experiments  covering  a  region  of  space 
tens  of  kilometers  in  length  and  time  scales  on  the  order  of  seconds  are  not  yet  possible.  The  numerical 
models  do  however  provide  much  insight  into  the  phjrsical  processes  occuring  during  CIV  and  allow  for  the 
development  of  scaling  laws  and  numerical  estimates  of  the  times  scales  and  anomalous  ionisation  rates  that 
occur  in  CIV.  Combining  the  estimates  and  xaling  laws  obtained  from  simulations  with  a  rate  model  to 
determine  the  effects  of  CIV  in  an  actual  experimental  release  form  the  basis  of  this  work. 
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To  be  inoie  specific,  the  simulation  nwthod  used  hoe  is  a  ooeKlimenaional,  periodic  implicit  particle-in- 
cell  code  as  in  previous  «ork[6].  Obviously  the  use  of  a  one-dimensional  code  does  not  allow  effects  such  as 
the  rapidly  decreasing  neutral  density  from  the  gas  expansion,  loases  of  hot  electrons,  and  polarisation  issues 
to  be  dire^y  simulating.  Instead  tte  simulations  am  used  here  to  develop  scaling  laws  o(  the  time  scales 
and  anomalous  ionisation  rate  associated  with  the  CTV  process.  These  time  scales  and  anomalous  ionisation 
rate  are  then  used  in  a  rate  model  to  estimate  the  ion  production  from  CTV  during  an  expmmental  release. 

Since  the  numerical  modeling  still  requires  great  amplification  over  the  experimental  conditions,  the  focus 
throughout  the  paper  will  be  on  producing  “upper  bound”  estimates  of  ion  production  by  CTV,  i.e.  estimates 
of  the  highest  level  of  ion  production  which  should  reasonably  be  expected  from  CTV.  A  one-dimensional  code 
is  consistent  with  producing  the  “upper  bound”  estimates  that  are  of  interest  here.  The  constant  neutral 
density  and  lack  of  escape  mechanisms  for  hot  electrons  tend  to  produce  the  highest  anmnalous  ionisation 
rate  and  fastest  time  scales  for  the  CTV  process.  These  in  turn  lead  to  the  highest  production  of  ions  which 
can  reasonably  be  expected  from  CTV. 

The  sections  below  will  first  discuss  the  simulations  used  to  develop  estimates  of  the  time  scales  and 
ionisation  rates  associated  with  CIV.  This  is  followed  by  the  application  of  the  results  of  the  simulations  in  a 
rate  model  used  to  develop  upper  bound  estimates  for  ion  production  in  CTV.  The  results  of  the  rate  model 
ate  compared  with  the  results  of  several  different  CTV  experiments. 

2  CIV  Simulations  of  Space  Based  Experiments 

The  work  begins  with  a  set  of  simulatioos  designed  to  provide  insight  into  space  experiments  involving 
CTV.  As  mentioned  above  the  purpose  of  this  section  is  to  develop  scaling  laws  for  the  time  scales  and 
anomalous  ionisation  rates  associated  with  CTV.  The  siiinilations  consider  the  gas  nitric  aadde  propagating 
across  an  ambient  oxygen  plasma.  The  gas  NO  is  chosen  since  it  was  recently  released  during  the  IBSS 
CTV  experinoents  on  board  the  space  shuttle  (STS  39,  April  1991).  Since  the  focus  here  is  on  developing 
scaling  laws,  the  precise  model  u^  is  not  critical  since  other  simulations  using  different  gases  have  shown 
the  results  are  ^plicable  to  other  gases  and  collisional  models. 

The  initial  conditions  for  the  current  simulatiwi  are  a  quiet,  Maxwellian  oxygen  plasma  in  a  magnetic  field. 
The  magnetic  field  is  oriented  so  that  —  1.0  and  has  a  strength  such  that  =  1.0. 

The  temperature  of  the  plasma  vtTi  —  T,  ^  0.2eV.  A  neutral  beam  with  a  density  nn/n«o  s  10*  and 
temperature  T*  s  0.2eV  is  propagating  in  the  «-diiection  across  the  simulation  region  with  velocity  V„. 
As  in  the  previous  work  (6]  the  neutral  beam  is  not  simulated  directly.  The  neutral  beam  properties  are 
considered  a  constant  over  the  course  of  the  simulation.  The  simulations  include  electron  elastic  collisi<»s, 
non-resonant  and  resonant  charge  exchange  and  electron  impact  ionisation.  The  collisional  cross  sections 
are  taken  from  the  literature  as  functions  of  energy  (for  example,  electron  elastic  [39],  non-resonant  charge 
exchange  [7],  remnant  charge  exchange  [30],  electron  impact  ionisation  [21]  ). 

The  methc4oiofy  adopted  here  is  to  first  present  a  typical  simulation  of  CTV  and  to  discuss  some  def¬ 
initions  of  charr.^.turistic  time  scales  that  will  be  useful  in  describing  the  CTV  process.  After  discussing  a 
typical  run  each  portion  of  the  CTV  process  will  be  described  in  turn.  Again  the  emphasis  here  will  be  in 
developing  some  semi-empirical  estimates  of  the  time  scales  involved  in  CTV. 

2.1  Typical  Simulation  of  CIV 

Figure  1  shows  typical  results  of  the  simulation  (Ki/vc  =  1.5  where  ««  is  the  critical  velocity).  The  upper 
figure  presents  the  time  history  of  the  electron  number  and  the  bottom  figure  shows  the  electron  temperature 
as  a  function  of  time.  As  the  simulation  begins,  an  ion  beam  begins  to  form  through  charge  exchange  reactions 
between  the  beam  and  ambient  ions.  This  beam  quickly  transfers  energy  to  the  electrons  through  the  modifieck 
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two-«trMun  iutobility  (M2SI).  The  energy  transferred  beats  the  electrons.  The  process  continues  with  the 
beam  being  formed  and  re-energised  through  charge  exchange.  The  electrons  continue  to  heat  until  they 
reach  energies  sufficient  for  ionixation.  At  this  point  the  beam  is  quickly  reinforced  through  ground  ionisation 
while  electrons  ace  heated  by  the  M2SI  but  lose  energy  to  ionisation.  The  electron  energy  saturates  at  a 
point  where  the  energy  tranrferred  from  the  waves  is  equal  to  the  energy  lost  to  ionisation  coUinons.  After 
saturation  the  growth  in  the  electron  number  becomes  simply  exponential  and  leads  to  a  definition  of  the 
anomalous  ionisation  rate, 

*  exp(i/<«.l)  (2) 

The  frdlowing  sections  will  be  concerned  with  describing  the  simulations  during  these  processes  and 
developing  estimates  and  sealing  laws  for  the  different  time  scales  and  anomalous  ionixation  rate.  The  CIV 
■  process  can  be  divided  into  four  regimes:  (1)  an  initial  stage  from  t  s  0  to  r,  involving  the  development 
of  the  lower  hybrid  waves,  (2)  an  electron  heating  stage  from  r.  to  ,  where  n  is  the  time  at  which  first 
ionisation  occurs,  (3)  a  transient  regime  between  rj  and  the  ignition  time  TVfn.  where  the  electron  temperature 
saturates,  and  (4)  an  asymptotic  state  regime  in  whidi  equation  (2)  is  satisfied.  Each  of  these  regimes  is 
discussed  in  the  following  sections. 

2.2  Initial  Stage  of  CIV 

As  the  simulation  starts,  charge  exchange  reactions  between  the  NO  neutrals  and  ions  initiate  an  ion 
beam.  At  this  stage  the  beam  is  being  created  at  a  linear  rate  of 

dnr 

s  *^ir*«rUo+  (3) 

where  s'nreM  is  the  non-resonant  charge  exchange  rate  given  by 


■—<  ®’f«re«»Wr  >  nn«ii(  (4) 

and  e’nrcM  i*  the  cross  section,  Vr  is  the  neutral-0'*'  relative  velocity  and  n^tut  is  the  neutral  density. 

As  the  beam  begins  to  build  it  also  begins  to  transfer  energy  to  the  electrons.  As  the  first  few  ions 
enter  the  beam  some  amount  of  time,  r«,  will  be  requited  to  establish  the  lower  hybrid  wave  spectrum  that 
eventually  acts  to  heat  electrons.  During  this  time  the  energy  transfer  rate  from  ions  to  electrons  should  be 
quite  low  since  there  is  no  coherent  wave  structure  to  act  as  the  energy  transfer  mechanism.  Linear  theory 
of  the  M2SI  shows  that  the  characteristic  time  scale  for  the  waves  in  the  M2SI  is  the  lower  hybrid  period 
[26].  Hence  r,  can  be  expected  to  be  on  the  order  of  a  lower  hybrid  period,  where  the  lower  hybrid  frequency 
is  given  by 

(5) 


2.3  Electron  Heating  Stage 

After  the  initial  establishment  of  the  wave  spectrum  the  ions  begin  to  transfer  energy  to  the  electrons.  At 
least  during  the  very  initial  stages  this  energy  transfer  process  can  also  be  expected  to  be  linear  in  time. 
The  total  electron  kinetic  energy  can  be  found  by  assuming  that  the  fraction  of  energy  transferred  from  the 
newly  created  ions  to  the  electrons  is  a  constant,  and  that  the  time  to  transfer  energy  from  the  beam  to 
electrons  is  small  compared  to  the  tinne  scale  of  interest  (e.g.  C  Since  the  number  of  newly  born 
beam  ions  is  simply  given  by  no^i'nrettt  the  electron  kinetic  energy  is  given  by 

—  7«o)  —  •'nre«»r*0+ (f  (6) 
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where  i;  »  the  frectioa  of  energy  transferred  from  ions  to  eleetroos  and  to  =  A  discussion  of  the 

possible  values  of  rj  can  be  found  in  formueae  et  ai.  [13]  and  were  discussed  in  previous  work  [6].  Those 
discussions  however  focused  on  determining  in  the  limit  where  CIV  is  ignited  and  the  electron  temperature 
is  saturated.  Under  these  conditions  Formisano  correctly  ignores  the  original  plasma  ions  because  their 
density  becomes  increasingly  negligible  with  respect  to  the  exponentially  growing  beam  ion  density,  and 
determines  that  if  the  ions  are  effectively  unmagnetised  (  >  1  )  =  2/3,  and  i;  =  0.025  for  highly 

magnetised  ions.  Previous  numerical  work  [6]  has  confirmed  the  results  of  Formisano  in  the  same  saturation 
limit.  In  the  current  case  however  at  early  times  when  the  background  ion  distribution  dominates,  remains 
high  even  for  time  scales  long  compared  to  the  ion  gytoperiod.  The  results  here  indicate  that  for  this  initial 
heating  stage  if  can  be  expected  to  be  initially  high  («  0.5)  and  assuming  it  to  remain  high  for  the  duration 
of  this  period  is  consistent  with  upper  bound  estimates. 

To  verify  the  above  ccunments  Figure  2  shows  the  results  for  the  initial  stages  of  the  simulation.  The 
upper  figure  shows  the  beam  ion  density  while  the  lower  figure  shows  the  kinetic  energy  as  a  function  of 
time.  As  seen  in  the  upper  figure  the  ion  beam  density  increases  linearly  in  agreement  with  the  remarks 
made  above.  The  solid  line  on  the  figure  is  the  value  predicted  by  the  charge  exchange  rate  using  Vr  =  Vn. 
The  actual  number  of  beam  ions  is  somewhat  above  the  value  predicted  by  the  charge  exchange  rate  due  to 
statistical  deviations  since  the  number  of  particles  created  is  still  low. 

The  electron  kinetic  energy  starts  with  a  region  of  no  detectable  heating.  This  constant  electron  temper¬ 
ature  lasts  on  the  order  of  5000u;^‘  which  is  consistent  with  the  local  lower  hybrid  frequency  of  the  beam 
^  2000(t;~,^)  assuming  nt/n«  s  .01).  After  about  5OQ0u^  the  electron  temperature  begins  to  increase 
roughly  linearly.  The  rate  of  increase  of  the  electron  temperature  is  consistent  with  a  constant  efficiency  of 
q  =  .54. 


2.4  First  Ionization 


The  start  of  ionisation  occurs  at  ri  when  the  energetic  tail  of  the  electron  distribution  reaches  the  ionisation 
energy,  e4i*n>  of  the  neutrals.  Although  the  exact  electron  energy  distribution  depends  on  many  details  of  the 
wave  particle  interaction  heating  the  electrons,  it  is  assumed  here  that  the  distribution  can  be  characterised 
by  a  bulk  electron  temperature  that  is  equal  to  some  fraction,  /,  ot  the  ionisation  energy  when  ionisation 
begins,  i.e. 

T,^  *  /e4<v»  (7) 

Along  with  equation  (6)  this  observation  gives  the  time  required  for  the  tip  to  reach  e4i,n.  After  the  tip 
of  the  distribution  function  reaches  the  ionisation  energy  of  the  neutrals  ionisation  will  not  be  observed  for 
some  period  after  this  related  to  the  ionisation  frequency,  i.e.  n«ii  -  Since  the  electrons  will  continue 
to  heat  during  this  short  time  of  TVon«  at  the  start  of  ionisation  the  electron  bulk  temperature  will  be  given 
by 

+  Ti0^l/cfgri—mnV^ .  (8) 

assuming  the  efficiency  remains  constant  and  the  temperature  is  increasing  linearly.  Now,  may  be  found 
by  combining  equation  (6)  and  (8)  and  taking  n,  »  n<. 


n 


Ti  +  n.fi  + 


T,4-To 


(9) 


The  efficacy  of  equation  (9)  is  indicated  in  Figure  3  which  compares  the  results  from  the  equation  with  the 
results  of  the  simulations.  The  model  parameters  derived  from  the  comparison  are  included  in  the  figure. 
The  efficiency  q  is  about  50%,  the  constant  Qi(r,  +  n^)  is  approximately  0.16,  and  /  =  —  10. 
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Figure  2:  Initial  stages  of  CTV.  (a)  Beam  density.  During  the  initial  stage  of  CTV,  charge  exchange  reactions 
increase  the  beam  density  linearly  with  time,  (b)  Electron  kinetic  energy.  Since  the  efficiency  of  energy 
transfer  to  the  beam  is  constant,  the  electron  kinetic  energy  also  increases  linearly. 
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Figure  3:  Time  to  first  ioiusation.  The  vertical  bars  represent  the  results  of  the  simulations,  the  markers  are 
the  prediction  of  the  equation  (9).  For  the  simulation  results,  the  values  plotted  represent  the  range  between 
the  time  between  the  ^t  electron  impact  ionisation  event  and  the  third  electron  impact  ionisation  event 


nn/n. 

Figure  4:  Dependence  of  the  time  for  first  ionisation  on  the  neutral  density.  The  results  agree  well  over  four 
orders  of  magnitude. 
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gimnlatinM  with  Other  guee  end  other  initial  conditione  indicate  that  theee  values  are  insensitive  to  the 
precise  simulation  values. 

Figure  4  shows  similar  results  as  a  function  of  the  neutral  density.  The  parameters  are  the  same  as  used 
in  Figure  3.  Good  agreement  is  seen  over  four  orders  of  magnitude. 

2.5  IVansition  Phase 

After  the  first  ionisation  events  the  electron  kinetic  energy  will  continue  to  increase  towards  a  saturation 
value.  An  — of  the  time  needed  to  enter  the  exponential  phase  can  be  obtained  by  defining  the 
^ignition  time”  as  the  time  needed  to  reach  the  break  point  as  illustrated  in  Figure  1.  The  ignition  time  is 
a  function  of  the  detailed  colliaional  processes  and  energy  gain/loas  mechanisms  occurring  ahn  ionisation 
begins.  In  this  regime  the  linear  temperature  increase  assumption  used  in  the  previous  section  is  no  longer 
valid  (the  simulation  shown  in  Figure  1  indicates  the  temperature  continues  to  climb  linearly  well  beyond 
ri;  other  simulations  indicate  this  is  not  universally  true,  the  linear  phase  of  temperature  increase  often 
ends  near  n)-  A  specific  expression  for  the  ignition  time  is  difficult  to  obtain  however  an  estimate  can  be 
obtained  by  considering  the  ratio  of  the  ignition  time  to  the  time  for  first  ionisation,  ftfn/n  •  For  most  cases 
the  ignition  time  is  roughly  3  to  5  times  the  time  for  first  ionisation.  'Diis  estimate  is  roughly  true  as  a 
function  of  both  velocity  und  density.  Later,  in  considering  the  rate  model  of  CTV,  this  transition  regime 
will  be  ignored  by  setting  s  ri.  This  is  again  consistent  with  looking  for  upper  bound  estimates  of  ion 
production  by  CIV. 

2.6  Exponential  Growth  State 

The  electrons  continue  to  heat  until  energy  losses  to  ionisation  and  excitation  are  equal  to  energy  added 
from  wave  transfer.  Once  the  exponential  growth  state  is  reached  the  plasma  density  increases  as 

(10) 

where  Oian  >•  the  fraction  of  the  electron  population  with  energies  above  the  ionisation  energy,  and  is 
just  a  redefinition  of  the  anomalous  ionisation  rate,  s  The  introduction  of  Oign  and  i^on 

a  simple  acknowledgment  of  the  fact  that  only  electrons  with  energies  above  the  ionisation  energy  of  the 
neutr^  ate  enable  of  ionising.  The  precise  magnitude  of  the  anomalous  ionisation  rate,  Vi^,  is  difficult 
to  estimate  a  priori  because  it  is  sensitive  to  the  details  of  the  electron  distribution  function.  However 
the  scaling  of  iq«n  ^ith  the  neutral  velocity  and  dennty  can  be  suggested  t^ugh  simple  arguments.  The 
redefined  anomalous  ionisation  rate  can  be  written  as 


Ww.  =<  >  "n  (11) 

where  the  angle  brackets  represent  an  average  taken  over  the  portion  of  the  distribution  function  with 
E  >  ed<OTi.  Over  the  energy  ranges  of  interest  here  the  quantity  <  >  is  assumed  to  be  constant. 

The  remaining  portion  of  the  anomalous  ionization  rate,  a,an,  can  be  found  by  considering  the  idealized 
saturated  electron  distribution  function  as  given  by  Formisano  et  al.  [13]  and  used  subsequently  by  Lai  ei  ai 
[22]  and  others.  In  the  idealised  case  the  hot  tail  of  the  electron  distribution  function  simply  has  a  constant 
density  from  below  the  ionisation  energy  to  the  beam  energy.  For  this  distribution  function  the  fraction  of 
electrons  with  energies  above  the  ionization  energy  is  simply  proportional  to  the  beam  energy.  Combining 
this  with  equation  (11)  gives  the  scaling  law  for  the  anomalous  ionization  rate. 


(12) 
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Figure  5:  Anonwloue  ionisution  rate  va  neutral  beam  velocity  for  NO.  Below  V^/Vc  =  1,  Vi,^/Qi  0.  The 
anomalous  ionisation  rate  increases  quickly  as  the  neutral  velocity  exceeds  the  critical  velocity. 


Although  derived  through  very  simple  arguments  the  rimulations  as  described  below  confirm  the  efficacy  of 
this  result. 

The  anomalous  kmixation  of  NO  is  first  considered  as  a  function  of  the  neutral  beam  velocity.  For 
these  runs  the  neutral  density  is  chosen  such  that  Nn/N,fi  —  10*.  Figure  5  shows  after  electron 

temperature  saturation  for  NO  as  a  function  of  the  neutral  velocity  (V^/K).  The  markers  shown  in  the 
figure  represent  data  points  from  the  simulation  results.  The  solid  lines  are  a  fit  to  the  data  points.  As  seen 
in  the  figure,  for  VnfVt  <  1,  i/ion/(l«  ^  0.  This  is  expected  since  below  the  critical  velocity  no  anomalous 
ionisation  should  be  observed.  Above  the  critical  velocity  however  the  anomalous  ionisation  rate  quickly 
increases.  The  excellent  agreement  between  the  fit  vid  the  data  indicates  the  ionisation  rate's  dependence 
on  the  energy  oi  the  neutral  beam. 

Also  of  interest  is  the  effect  of  the  neutral  density  on  the  KMiisation  rate.  Figure  6  shows  as 

a  fimction  of  the  neutral  density,  fV’„/Af,.In  this  figure  the  neutral  beam  velocity  was  held  constant  at 
Kt/K  =  1-5  while  the  neutral  beam  density  was  varied. 

The  ionisation  rate  is  seen  to  scale  linearly  with  density  up  to  a  density  of  ^  10^.  That  is,  for 

Nn^t/N^  <  10’ 


Above  Nntut/N^  su  10’  the  ionisation  rate  begins  to  level  off.  At  these  high  densities  the  growth  in  the 
ionisation  rate  decreases  because  elastic  collisions  destroy  the  hot  tail  of  the  electron  distribution  function. 
This  corresponds  to  a  transition  between  the  "collective”  and  "resistive”  forms  of  CIV  discussed  by  Machida 
and  GoerU[23]. 

Finally,  although  scaling  laws  have  been  obtained  for  the  anomalous  ionisation  rate,  obtaining  an  ex¬ 
pression  for  the  absolute  magnitude  is  much  more  difficult.  The  values  shown  in  Figure  5  were  obtained 
directly  by  measuring  the  slope  from  a  semilog  plot  of  the  electron  density  as  a  function  of  time  after  the 
electron  temperature  saturated.  These  values  tend  to  indicate  values  of  the  anomalous  ionisation  reaction 
rate,  Unlike  the  scaling  laws  derived  above,  however,  these  values  may  be  sensitive  to  the 

actual  inputs  into  the  simulation.  To  account  for  this  the  rate  model  below  will  consider  a  wide  range  of 
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FiguK  6:  Effect  of  Dennty  on  the  anomnloue  ionisation.  For  the  lower  values  of  density,  Vi^/CU  ~  N^/Nf 
At  higher  densities,  the  transition  from  collective  to  resistive  becomes  evident.  (The  solid  line  represents  a 
spline  fit  to  the  data) 

possible  values  of  i/<««  centered  around  the  values  measured  ftmn  the  simulations.  It  should  be  kept  in  mind 
however  that  although  the  scaling  laws  for  can  be  derived,  the  actual  magnitudes  of  based  on 

empirical  measurements  from  the  rimulations. 

3  A  Simple  Rate  Model 

The  simulatioa  results  provide  estimates  of  time  scales  needed  to  initiate  CTV  as  well  as  scaling  laws  for  Vimt- 
In  addition,  although  a  specific  formulation  for  has  not  been  developed,  the  siinulation  results  suggest 
quantitative  estimates  of  Vi^/Qi  s  C7(l)-  Since  full  three^iinensional  PIC  code  simulations  representing 
space  experiments  are  not  yet  computationally  posrible,  this  section  now  uses  these  results  in  a  rate  model 
to  estimate  the  yield  and  apatial  extent  of  ion  production  in  space  releases.  As  before,  the  focus  here  is  on 
upper  bound  estimates  of  the  production  of  ions. 

The  anidysis  begins  by  considering  the  convection  of  a  neutral  gas  across  a  magnetic  field.  Once  a  suflicient 
time  has  passed  to  heat  electrons  to  the  ionisation  energy  the  neutral  gas  will  begin  to  undergo  ionisation  at 
the  anomabus  ionisation  rate,  Based  on  the  results  of  the  above  simulations  the  anomalous  ionisation 
rate  will  be  assumed  to  scale  linearly  with  the  neutral  density.  With  this  assumption  the  anomalous  ionisation 
rate  may  be  expressed  as  the  product  of  a  reaction  rate,  po,  and  the  neutral  density,  i.e. 

l't*n-P0»*n  (14) 

where  po  is  independent  of  the  neutral  density.  The  undetermined  factor  in  the  equations  is  the  reaction 
rate,  po.  This  reaction  rate  is  taken  from  the  simulation  results. 

Newly  crested  ion-electron  pairs,  created  at  a  rate  ponnn«,  are  assumed  to  remain  on  the  the  magnetic 
field  line  on  which  they  were  created.  Ignoring  electron  losses  along  the  field  is  clearly  consistent  with  looking 
for  the  maximum  creation  rate.  It  is  less  clear  what  the  effect  is  of  ignoring  plasma  transport  across  the 
field.  There  is  both  observation  and  theory  (19,  15,  16,  12]  to  suggest  that  when  a  drifting  plasma  stream 
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is  *‘born”  with  sufficient  density  relative  to  a  background  plasma,  a  polarisation  electric  field  will  develop 
and  the  newly  born  plasma  will  continue  to  drift  rather  than  braking  in  the  ambient  plasma  rest  frame. 
This  electric  field  is  created  because  (in  the  absence  of  full  polarization)  the  cycloid  motion  of  the  new  ions 
and  electrons  displaces  them  in  opposite  ±v  x  B  directions,  creating  charge  layers  on  the  stream  boundaries 
and  an  electric  field  that  reduces  the  cycloid  separation  and  induces  a  drift  in  the  plasma.  In  the  limit  of 
a  dense  ‘^ew”  stream  covering  a  large  area,  the  net  drift  velocity  will  just  be  that  of  the  center  of  mass  of 
the  mixed  plasma.  For  smaller  leas  dense  streams,  the  net  drift  and  polarisation  field  strength  is  difficult  to 
estimate  since  it  is  subject  to  dissipation  of  the  charge  layers  into  the  ambient  which  effectively  couples  a 
greater  ambient  plasma  mass  into  the  mix.  For  the  scenario  considered  here  it  is  postulated  that  if  significant 
polarisation  occurs  during  the  charge  exchange  heating  period  the  effect  would  be  to  suppress  CIV  because 
heated  electrons  would  be  convected  to  regions  of  lower  neutral  density  where  (as  will  be  shown  below)  CIV 
is  less  likely.  Ignoring  the  effect  is  therefore  consistent  with  seeking  upper  bounds.  If  polarisation  occurs 
after  ignition  of  CTV,  the  effect  would  again  be  limiting  since  if  the  net  drift  with  the  background  is  limited, 
the  free  energy  available  to  the  plasma  instability  will  also  be  limited.  Further,  it  is  at  least  self-consistent 
to  ignore  the  effect  here  since  it  is  precluded  by  the  geometry  of  the  simulations.  With  these  assumptions, 
the  plasma  density  at  a  point  then  nuy  be  assumed  to  increase  as  a  result  of  the  ionisation  process,  i.e. 


(15) 


Again,  the  assumptions  leading  to  equation  (IS)  are  consistent  with  the  approach  of  producing  upper  bound 
estimates  for  the  occurrence  of  CIV. 

Solving  the  above  equations  requires  three  steps:  (1)  determining  the  neutral  density  as  a  function  of 
time  for  given  initial  and  boundary  conditions,  (2)  finding  when  the  ignition  time  criterion  is  satisfied,  and 
(3)  solving  for  the  electron  density  as  a  function  of  r  and  (  using  the  anomalous  ionization  rates  determined 
in  the  previous  section. 


4  Neutral  Models 


The  macroscopic  properties  of  the  neutral  gas  may  be  found  from  taking  proper  moments  of  the  distribution 
function,  /».  The  governing  equation  for  fn  is  the  Vlasov  equation,  hence  the  macroscopic  properties  of  the 
neutrals  may  be  found  from  a  solution  of 


^  +  (16) 

where  Vn  is  the  neutral  velocity  and  {dfn/dt)e  represents  a  source/sink  term  due  to  ionization  of  the  neutrals. 
At  least  for  the  initial  stages  of  CIV,  a  reasonable  assumption  is  that  only  a  small  fraction  of  the  neutrals 
will  be  ionized.  With  this  assumption,  the  right  hand  side  of  equation  ( 16)  can  be  ignored  giving  simply 

^+vnV/„=0  (17) 

The  approximation  to  the  shaped  charge  velocity  distribution  used  here  is 


0  <  V  <  w* 
otherwise 


(18) 


where  Vh  is  some  maximum  velocity.  TMs  simple  velocity  distribution  is  chosen  to  be  a  reasonable  repre¬ 
sentation  of  typical  [18]  shaped  charge  releases  as  well  as  to  make  the  integrations  in  the  following  analysis 
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tractable.  A  comparuon  with  the  actual  velocity  distribution  of  typical  space  releases  shows  that  the  flat 
distribution  function  may  underestimate  the  number  of  ions  moving  at  above  the  critical  velocity.  This  may 
slightly  violate  the  'dipper  bound”  assumptions  which  have  been  built  into  the  model  elsewhere.  However 
the  results  indicate  that  the  dominate  factor  affecting  CIV  comes  from  the  density  drop  associated  with  the 
neutrals’  expansion  into  a  spherical  solid  angle  and  not  the  precise  form  of  the  velocity  distribution,  per  se. 
Therefore,  considering  the  analytic  simplifications,  the  use  of  the  somewhat  idealized  distribution  function 
shown  in  equation  ( 18)  seems  to  be  justified. 

An  initial  condition  is  also  needed.  The  initial  condition  chosen  here  is  that  the  neutrals  are  initially 
located  between  ro  and  ri  and  exhibit  a  1/r^  dependence  on  the  radial  distance,  i.e. 


nn(r,t 


0 


ro  <  r  <  ri 
otherwise 


(19) 


In  order  to  match  typical  experimental  conditions,  Co  is  chosen  as  4  x  10’^  m~^  to  achieve  Hq  =  10^*  m~^ 
at  ri  =  200  m.  The  choice  of  10^*  m~^  is  relatcJ  to  the  cutoff  due  to  the  windowing  effect  as  discussed 
in  previous  work[6],  while  the  ri  =  200  m  lengtn  is  consistent  with  the  start  of  ionisation  in  the  Porcupine 
data.  The  lower  length  of  ro  =  56  m  is  chosen  to  provide  10’^  neutral  particles  within  the  initial  volume 
assuming  a  conic  half-angle  of  6  =  13.5*.  The  velocity  is  taken  as  13  km/s.  With  these  initial  conditions 
the  neutral  density  as  a  function  of  position  and  time  can  be  found  by  solving  equation  (17)  ft  r  /(r,  v,  t)  and 
integrating  over  velocity  space.  The  result  is 

f  max(r,,r'o)<  r<r; 

nn(r  >  ri,f)  =  <  rj  <  r  <  max(ri,r^)  (20) 

(  0  otherwise 

where  r'l  s  ri  +  v^f  and  r^  s  ro  +  vsf.  This  expression  is  simply  a  geometric  expansion  into  the  spherical 
solid  angle  1/r^,  with  a  correction  term  (r^  -  ro)/(vsf)  to  account  for  the  velocity  distribution.  A  pictorid 
version  of  the  neutral  density  at  several  different  times  is  shown  in  Figure  7. 


5  Ignition  Time  Analysis 

As  shown  in  the  simulations,  for  the  space  based  experiments,  the  time  to  start  CIV  (  i.e.  the  ignition  time) 
is  about  3ri  to  5rt,  where  is  given  by  equation  (9). 

In  this  section  the  time  to  first  ionization,  ri,  is  determined  for  the  neutral  gas  releases  and  compared  to 
the  transit  time,  Ttr,  of  the  neutral  gas  past  a  given  element  of  plasma.  For  CIV  to  ignite  the  transit  time 
of  the  neutral  gas  must  exceed  the  time  to  first  ionization,  i.e. 


fi  <  Ttr 


(21) 


The  simulations  were  all  performed  at  a  given  neutral  velocity  and  density.  However,  as  the  results  for  the 
neutral  model  indicate,  the  density  and  velocity  at  a  point  in  space  will  vary  in  time.  In  order  to  expand  the 
results  of  the  simulations  to  the  current  situation  a  simple  integral  representation  is  adopted:  the  electron 
energy  at  a  point  in  space  is  assumed  to  follow 


Tt 


=  T«o  + 


/4 


rtlnV^  < 


tV  >  n„dt 


(22) 


over  the  linear  regime.  Th8  term  <  VntrtxV  >  is  introduced  here  as  the  rate  for  Ba  -  O*  charge  exchange 
reactions.  At  this  point  however  the  model  might  be  considered  somewhat  more  general  by  considering  the 
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Figure  7:  Model  Neutral  Density  for  Porcupine.  The  neutral  cloud  expands  outward  from  the  release  point. 
The  neutral  density  quickly  drops  during  the  expansion. 

<  <fnre**v  >  term  to  represent  the  production  of  barium  ions  not  only  from  charge  exchange  but  from  all 
non<CTV  processes  including,  for  example,  the  stripping  reaction  Bo+0  -»  Ba*  +0+e.  Although  reactions 
other  than  charge  exchange  have  been  considered  as  the  seed  ionisation  mechanism  for  CIV  (Lai  ei  al.  [22]), 
it  seems  most  likely  that  the  charge  exchange  reaction  dominates  the  non-CIV  production  of  ions.  Because 
charge  exchange  is  likely  the  dominant  seed  ionisation  mechanism,  the  rest  of  this  work  will  continue  to 
include  in  the  analysis  only  charge  exchange  for  the  seed  ionization  process.  This  is  also  consistent  with  the 
simulations  which  did  not  include  seed  ionization  mechanisms  other  than  charge  exchange. 

The  time  to  first  ionisation  is  given  by  t\  where  n  satisfies 

/•o+f|  J 

q^***"^^  ^  <^nre«*V  ^  f*n<ff  (23) 

and  to  is  the  time  at  which  neutrals  first  arrive  at  the  point  (the  small  constant  r,  +  nm  ~  0(iiii,H)  has 
been  ignored  here).  Equation  (23)  is  somewhat  more  clearly  written  as 

I  <  ^'nreexV  >  /  f>n^f  (24) 

/  max  «o 

where  T*  —  7'/(ninV“/2)  =  T/(e4i9n),  a^d  (V„/Vt)  are  evaluated  at  their  maximum  values  (again  consistent 
with  looking  for  the  upper  bound  for  the  occurrence  of  CIV).  In  addition,  the  reaction  rate,  <  <rnrecxv  >,  is 
assumed  to  be  a  constant. 

The  integral  of  equation  (24)  is  simplified  by  taking  (V^/V'e)max  ~  (v/ksintf/Ve),  where  0  is  the  angle  of 
the  neutral  release  with  respect  to  the  magnetic  field.  Most  experimental  releases  have  been  performed  with 
the  velocity  vector  of  the  neutral  jet  directed  at  an  angle  to  the  magnetic  field.  The  inclusion  of  0  in  the 
definition  of  (Vn/Vt)mt*  is  necessary  to  include  this  effect  in  the  model  and  simply  states  that  the  component 
of  the  neutral  velocity  perpendicular  to  the  magnetic  field  is  important  for  CIV,  not  the  full  velocity,  Vh- 
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ReamagiBg  equ«tioo  (24)  reaulU  in 


rpPh _ _ 

<»nre«»> 

'  •  /fiMa 


roP>  /•«*■»•+'• 

Co  Jt. 


nndt 


(25) 


where  to  —  (r  —  ri)/vft.  Physically,  the  parameter  (  represents  the  (nondimensionaUsed)  characteristic  time 
necessary  to  heat  electrons  to  energies  sufBcient  to  begin  ionisation.  The  parameter  (  is  also  c<mvenient  in 
that  it  contains  several  parameters  (e.g.  t;,  Co.  77e  2^)  ^'bich  either  contain  some  uncertainty  or  vary  for 

different  experimental  conditions.  When  the  results  are  presented  for  various  values  of  the  onphasis  will 
be  (HI  the  variability  of  the  cross  section  0'«rc««-  It  should  be  remembered  however  that  different  values  of  ( 
may  also  be  thought  of  as  corresponding  to  varying  values  of  the  other  parameters  included  in  the  definition. 

The  integral  appearing  in  equation  (25)  will  reappear  throughout  the  work.  Performing  the  integral 
results  in  the  definition 


to<t»<U<f 

G{r>ri,i^,U)s  1  Tindtsi 
Ju 

&  [“t?  ><>«  (0  +  '«« (W  + -  <-l 

to  <  t,  <f  <U 

(26) 

to<t*  <t,<U 

where  S  (r  -  ro)/v*. 

Using  the  definition  for  G,  equation  (25)  results  in 

(27) 

The  solution  to  equation  (27)  can  be  found  through  a  simple  iterative  procedure:  calculate  t*  using  the 
second  condition  of  equation  (26);  if  the  criterion  (*  >  ('  is  violated,  calculate  f*  from  the  first  condition  of 
equation  (26)  (which  requires  a  Newton-Riqihsmi  iteration  or  other  root  finder  since  this  equatiim  is  now 
transcendental). 

Once  the  time  to  first  ionisation  is  known  the  criterion  for  CIV  to  start  is  that  the  transit  time,  Tt,,  of 
the  neutrals  through  a  plasma  element  be  longer  than  the  time  to  first  ionisation,  rt  <  Tir  •  The  transit  time 
can  be  considered  as  the  time  between  the  arrival  at  a  point  in  space  of  the  first  nentrab  and  the  arrival  of 
the  last  neutrals  still  moving  at  the  critical  velocity,  i.e. 


r  —  ro 
”  v,/»m8 


r-ri 

Vh 


(28) 


The  desire  is  to  compare  the  results  of  equation  (27)  with  the  results  of  equation  (28)  for  parameters 
similar  to  those  of  experimental  releases.  The  simulations  suggest  reasonable  numbers  which  may  be  used 
to  estimate  the  time  for  CTV  to  start  in  barium.  The  values  used  here  are  Ttp  —  -le^  s  .5  eV,  T«o  =  -2  eV, 
and  q  s  .5.  In  addition,  as  in  Porcupine,  ««  s  2.7  km/s,  vp  s  13  km/s,  and  0s:28*. 

Figure  8  compares  the  time  to  first  ionisation,  rt,  and  the  transit  time,  Ttr-  Since  the  value  of  the  barium- 
oxygm  charge  exchange  cross  section  is  not  accurately  known,  the  solution  is  shown  for  a  series  of  values 
of  <  ffnrettV  >.  The  cross  section  used  varies  from  10~^^  cm’  to  10~^^  cm’  in  order  to  cover  the  range  of 
cross  sections  assumed  by  various  authors  (in  the  following,  all  cross  sections  will  be  specified  at  an  energy  of 
8eV).  The  cross  section  reaction  rates,  Pnreto  therefore  vary  from  3.3x  10~*’  cm’/s  to  3.3x  10~’  cm’/s.  The 
corresponding  values  of  {  (»  10~'*  to  10~‘,  respectively)  are  also  included  on  the  figure.  The  exponentially 
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Figiue  8:  Ignition  time  and  trandt  time  for  “Porcupine*  releaae.  The  exponential>Uke  curvet  are  the  time 
to  reach  fint  ionisation.  The  linear  curve  it  the  transit  time.  For  CIV  to  ignite,  the  ignition  time  must  be 
leas  than  the  transit  time. 

increasing  curves  shown  on  the  figure  are  the  time  to  reach  first  ionisation  for  the  stated  value  of  as  given 
by  the  solution  of  equation  (27).  The  times  are  shown  as  a  function  of  the  down  range  distance  from  the 
release  point  («x  s  rsin8).  The  linearly  increasing  line  is  the  transit  time  as  a  function  of  sj.  (equation  28). 
As  shown  in  the  figure  the  criterion  for  CIV  to  ignite  {Ttr  >  ri)  is  only  satisfied  within  several  hundred 
meters  of  the  release  point  for  e’nrco  ~  cm’,  while  CIV  ignites  out  to  a  horisontal  range  of  about 
3.5  km  for  Wnrcw  —  10"*^  cm’.  This  is  an  important  result  in  relation  to  the  Porcupine  experiment.  The 
results  of  Porcupine  indicate  enhanced  ionisation  out  to  sx  =15  km  from  the  release  point.  Even  with  the 
largest  charge  exdiange  cross  section  assumed  hm  (wnrcM  ^  10'**^  cm’),  CIV  cannot  be  achieved  beyond 
3.5  km.  The  results  here  indicate  that  CIV  should  be  much  more  localised  than  the  results  of  Porcupine 
indicate.  One  factor  not  considered  in  the  original  analysis  of  the  Porcupine  data  was  the  charge  exchange 
contamination  of  the  results.  Swtnson  ei  s/.[34]  have  suggested  that  the  charge  exchange  cross  section  may 
be  as  large  as  cm’.  In  the  following  section  the  possibility  that  much  of  the  observed  ionisation  during 
experimental  releases  was  due  to  charge  exchange  reactions  will  also  be  considered. 

6  Exponential  Growth  Phase 

The  previous  section  determined  when  first  ionisation  would  occur  for  the  different  neutral  models.  In  this 
section  the  exponential  growth  phase  of  CIV  is  examined,  and  the  fractional  increase  in  the  plasma  density 
is  determined. 

Ionisation  begins  at  the  time  to  +  n.  Consistent  with  the  strategy  of  producing  an  upper  bound,  the  gas 
is  assumed  to  enter  its  exponential  phase  immediately  upon  reaching  n,  the  transition  phase  described 
in  the  section  describing  the  simulation  results  is  ignored.  Equation  (15)  gives  the  fractional  increase  in  the 
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plamia  density  as 


n, 

n«o 


r 

*«p  / 


POtlndt 


=  exp  \p9G(r,  <0  +  1  <0  +  Ttr)] 


(29) 


The  results  for  iin,  n  end  Ttr  from  the  previous  sections  can  be  used  to  solve  this  equation  for  the  fractional 
increase  in  plasma  density. 

For  the  Porcupine  release  the  density  model  is  given  by  equation  (20).  n  and  Ttr  are  found  from 
equations  (27)  and  (28)  respectively.  The  plot  of  n«/nao  as  a  function  of  sx  shown  in  Figure  9  is  informative. 
The  figure  shows  the  results  for  various  values  of  the  electron  heating  rate,  and  the  anomalous  ionisation 
reaction  rate,  poi  in  order  to  account  for  uncertainties  in  the  analysis.  The  figure  shows  two  values 
10~^  and  lO*"*,  corresponding  to  charge  exchange  cross  sections  of  approximately  10~‘'  cm’  and  10*^*  cm’ 
respectively.  Some  uncertainty  also  exists  in  the  anomalous  reaction  rate,  po,  since  barium  has  not  been 
simulated  directly  and  some  controversy  exists  as  to  the  cross  sections.  The  results  of  the  previous  section 
do  suggest  however  that  the  anomalous  ionisation  rate  should  be  in  the  range  of  po  =  10~^*  to  10~**  m’/s. 
These  actual  values  may  however  depend  more  heavily  on  the  q>ecific  inputs  into  the  simulations  than  the 
scaling  laws  used  elsewhere  in  the  analysis.  To  account  for  the  possibility  of  substantially  higher  or  lower 
po’s,  the  results  in  the  figure  shown  range  from  po  =  10'^’  to  po  s  m’/s. 

In  agreement  with  the  ignition  time  analysis  the  results  here  show  that  CIV  does  not  exist  except  within 
several  kilometers  of  the  release  point.  In  fact,  although  first  ionisation  will  be  achieved  within  3.5  km  for 
the  (  s  10~^  case,  substantial  increases  in  the  plasma  density  due  to  CTV  ate  only  observed  within  about 
3  km.  Similar  results  ate  obtained  for  other  values  of  increases  in  plasma  denmty  attributable  to  CTV  are 
confined  to  within  at  most  several  kilometers  of  the  release  point  even  for  the  largest  anomalous  reaction 
rates. 

Considering  the  results  of  the  simulations  and  the  ‘hipper  bound”  assumptions  that  have  been  built  into 
the  current  modd  the  most  Ukdy  anomalous  reaction  rate  to  be  achieved  in  an  actual  experimental  release 
will  probably  be  w  10'“^*  mV*<  As  seen  in  Figure  9,  for  an  anomalous  reaction  rate  po  «  m’/s,  a 

peak  increase  of  about  30%  in  the  plasma  density  is  achieved  near  the  release  point.  The  enhanced  plasma 
density  also  decreases  to  negligible  values  within  several  hundred  meters  of  the  release  point.  For  even  lower 
anomalous  reaction  rates  only  a  small  increase  in  plasma  density  is  seen  even  near  the  release  point. 

These  results  again  have  important  implications  for  sounding  rocket  releases.  Because  of  the  decreasing 
neutral  density  as  the  neutral  cloud  expands  from  the  release  point,  the  time  necessary  to  heat  electrons  to 
begin  ionisation,  and  the  magnitude  of  the  reaction  rates  likely  to  be  achieved,  CIV  will  not  be  an  efficient 
ion  production  mechanism  in  point  releases.  Instead,  fractional  plasma  density  increases  of  30%  may  occur 
wit^  the  first  several  hundred  meters  of  the  release  point.  Beyond  several  hundred  meters  the  ionisation 
rate  due  to  CTV  is  negligible. 

The  relation  of  these  results  to  the  actual  experimental  evidence  obtained  from  Porcupine  is  discussed 
below. 


7  A  Comparison  of  **Porcupine^  Results 

Up  to  this  point,  the  electron  density  as  a  function  of  the  radial  distance  from  the  release  point  has  been 
determined.  In  this  section  these  results  are  related  to  the  experimental  measurements  obtained  during  the 
Porcupine  release. 

In  Porcupine  two  main  results  were  obtained:  (1)  An  estimated  10%  of  the  total  neutral  population 
was  ionized  within  9  sec  of  the  release,  and  (2)  a  densitometer  tracing  taken  above  the  terminator  gave  the 
relative  intensities. 

The  densitometer  measurements  are  an  indication  of  the  total  number  of  ions  appearing  above  the 
terminator.  The  results  in  the  previous  section  focused  on  the  electron  density  as  a  function  of  radial 
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Figure  9;  Fractional  Ionization  for  Porcupine.  The  plasma  density  is  seen  to  be  enhanced  by  CTV  only  within 
several  kilometers  of  the  release  point.  For  po  =  10~‘*  m^/s,  the  plasma  density  is  increased  by  a  maximum 
of  only  30%. 
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disUace.  For  purposes  hers  the  number  of  besm  ions  appesiing  above  the  terminstoc  is  sssumfiH  to  be 
rdated  to  the  number  of  ions  produced  at  a  radial  position,  r,  integrated  over  the  spherical  volume  and 
projected  to  a  perpendicular  distance: 

/(sx/sind)  s  I{r)  s  2a’(l  —  coe6)r’fi»  (30) 

In  addition,  the  total  yield,  Y,  of  the  release  may  be  found  by  integrating  the  number  (^barium  ions  produced 
over  all  of  space  and  normalising  by  the  initial  number  of  neutral  barium  atoms,  i.e. 

y  =  |i(l-cose)  r*n*dr  (31) 

where  Nt  s  10^  is  the  number  of  initial  neutral  barium  particles. 

The  ion  beam  density,  nt,  has  contributions  from  CIV  and  charge  exchange,  i.e. 


n»  =  (nt)c««  +  (nt)ciy 


(32) 


where  the  CIV  component  is  determined  from  equation  (29)  using  (n»)c/v  =  n,  —  0.0,  and  the  charge 
exchange  component  can  be  found  from  solving 


dt 


—  *'i«re«e**0+  ~  Pnre«*>*nUo+ 


(33) 


The  remaining  parameter  needed  in  order  to  calculate  equations  (30)  and  (31)  is  the  oxygen  ion  density, 
no>  ■  For  the  determination  of  the  time  to  first  ionisation  the  variation  in  the  ambient  ion  density  was  ignored. 
On  the  time  scale  cf  seconds  of  interest  here  the  results  show  this  may  no  longer  be  a  good  assumption. 
Because  of  the  high  barium  neutral  density  and  possibly  large  charge  exchange  cross  section,  substimtial 
depletion  in  the  ambient  oxygen  number  density  may  occur  near  the  release  point.  In  experimental  releases, 
of  course,  the  actual  level  of  depletion  is  determined  by  the  rate  of  depletion,  the  fiux  of  ambient  oxygen 
from  more  distant  regions  into  the  depletion  region,  development  of  electrostatic  forces  which  may  enhance 
the  "refilling”  of  the  depletion  region,  and  other  factors.  These  details  of  the  depletion  are  beyond  the  scope 
of  the  current  analysis.  Instead,  two  limits  are  conridered.  In  the  first  limit  the  depletion  of  the  the  oxygen 
will  be  ignored,  i.e.  no^.  will  be  taken  as  a  constant.  In  the  second  linnit  the  oxygen  will  be  allowed  to 
deplete,  but  the  “refilling”  of  the  depletion  region  will  be  ignored,  i.e.  the  oxygen  density  in  the  depletion 
region  will  be  allowed  to  go  to  sero.  The  actual  expermental  results  should  be  somewhere  between  these  two 
limits. 

For  the  first  limit,  the  background  oxygen  density  is  assumed  to  be  a  constant.  In  this  case  equation  (32) 
becomes  ^ 

n*  —  Pnre*w^O+  I  +  n*  —  llaO  ~  Pi»ref»Oo+C(r,  (o,0  +  —  n«o  (34) 

Ju 

In  the  second  limit,  the  ion  beam  density  at  a  point  is  related  to  the  electron  density  and  ambient  ion 
densities  through 

o*  +  ~  (35) 

where  the  ambient  ion  density  is  calculated  from 

=  -*'nre«»no*  (36) 


giving 


np* 

no+.o 


=  exp 


Pitree*Undl 


exp  [-Pnree.C(r,lo.01 


(37) 
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The  intensity  and  yield  as  a  function  of  «x  can  be  calculated  from  equations  (30)  and  (31).  These  last 
steps  ace  caurried  out  numerically,  and  the  results  of  /  vs.  sx  are  presented  in  Figures  7  and  7  for  several 
different  assumptions  on  the  cross  sections.  Here,  it  can  also  be  shown  that  depletion  can  be  ignored  for 
the  purpose  of  calculating  the  ignition  time,  n.  At  n,  (7(r,to.t)  may  be  eliminated  in  equation  (37)  using 
equation  (27).  Evaluati<m  of  equation  (37)  yields  less  than  4%  depletkm  at  n  for  the  assumed  parameters. 

Figure  7  shows  the  model  results  at  9  sec  assuming  a  non-resonant  charge  exchange  cross  section  of 
10~‘^  cm^  for  Bn-O'*  ((  m  10~^).  The  top  panel  is  a  linear  x-axis,  while  the  lower  panel  is  just  the  top  panel 
replotted  with  a  log  x-axis  to  emphasis  the  effect  of  CTV  near  the  release  point.  Results  are  included  for  three 
different  values  of  the  anomalous  ionisation  reaction  rate  (po  =  0.  (no  CIV),  10'**  m*/s  and  10'*’  m’/s), 
with  and  without  ambient  oxygen  ion  depletion. 

The  figure  clearly  shows  that  the  effect  of  CIV  is  small  at  the  assumed  values  of  anomalous  ionisation 
reaction  rates.  Little  difference  is  seen  between  the  results  with  and  without  CIV  except  quite  near  the 
release  point.  In  these  results  nearly  all  newly  formed  ions  occur  through  charge  exchange;  the  CIV  portion 
is  not  significant  except  within  perhaps  several  hundred  meters  of  the  release  point.  Also  included  in  the 
figure  are  markers  representing  the  results  obtained  by  Haerendel  during  Porcupine.  The  shape  of  the  relative 
intensity  curve  is  seen  to  agree  well  with  the  Porcupine  results  except  near  the  release  point.  Near  the  release 
point  the  experimental  results  are  bracket  by  the  depletion/no  depletion  limits.  It  should  be  expected  that 
a  more  complete  model  of  ion  depletion  in  this  region  would  increase  the  agreement  between  the  model  and 
experimental  results. 

The  given  value  of  total  ionisation  for  Porcupine  was  20%  of  the  neutrals  with  velocity  in  excess  of  the 
critical  velocity.  Equivalently,  this  represents  roughly  10%  of  the  total  ion  population.  T^  current  results 
assuming  4  s  10'*  (^nr*4»  =  10'**)  and  po  s  0  gives  1.3%  ionisation  within  15  km  of  the  release,  assuming 
a  background  density  of  n«o  ~  2  x  io*/cm^. 

Figure  7  shows  similar  results,  but  assuming  C  ^  10'’.  Here,  a  difference  does  appear  between  the  results 
with  and  without  CTV,  but  this  difference  is  only  significant  within  approximately  1  km  of  the  release  point. 
According  to  this  result,  which  corresponds  more  closely  to  the  charge  exchange  cross  section  assumed  by 
Haerendel,  the  results  of  Porcupine  should  have  produced  a  more  intense  streak  within  1km  of  the  release 
point  than  was  actually  observed.  In  addition,  this  model  produces  only  .13%  ionisation. 

The  good  agreement  between  the  calculated  intensity  profiles  and  those  observed  for  the  Porcupine  release 
for  Sx  >  1  km  is  strong  evidence  for  ion  production  by  charge  exchange  alone.  This  conclusion  is  further 
strengthened  by  dennonstrating  that  if  CTV  occurs,  the  CTV-produced  ions  should  be  confined  to  a  more 
limited  region  near  the  release  point  than  actually  observed  in  the  Porcupine  release.  There  still  exists 
however  the  discrepancy  between  the  calculated  yield  of  ions  and  the  ions  observed  in  Porcupine.  At  this 
point,  this  discrepancy  must  be  attributed  to  either  (1)  an  ambient  plasma  density  that  was  an  order  of 
magnitude  higher  than  the  quoted  value,  (2)  a  Ba  —  O*  charge  exchange  cross  section  even  larger  than  the 
maximum  assumed  value,  0(10'**),  (3)  errors  in  the  photometric  determination  of  yield,  or  (4)  extensive 
cross  field  transport  of  the  CIV  ions.  Only  the  fourth  option  admits  the  possibility  of  CIV. 

8  Comparison  with  other  releases 

The  results  discussed  so  far  have  been  applied  to  Porcupine.  In  this  section  the  implications  of  these  results 
for  the  other  barium  and  strontium  releases  are  discussed.  More  specifically,  this  section  discusses  the 
hypothesis  that  Porcupine  did  not  observe  strong  CIV  over  the  entire  15  km  range,  but  instead  that  much 
of  the  observed  ionization  was  due  to  charge  exchange.  The  effect  on  charge  exchange  is  consistent  with 
many  of  the  other  CIV  results  observed  in  space  based  experiments.  In  fact,  by  considering  the  results  of 
CIV  experiments,  a  probable  range  for  the  Ba  —  O*  charge  exchange  cross  section  can  be  developed. 
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Figure  10:  Comparison  of  Charge  Exchange  and  Anomalous  Ionisation  in  Porcupine.  The  curves  represent 
the  relative  intensity  calculated  from  the  current  results  ((  =  10**^).  The  markers  are  the  data  of  Porcupine. 
In  this  case,  the  contribution  to  ionisation  from  CIV  is  almost  insignificant  except  for  the  highest  po  = 
I0~*'m^/«.  Even  with  po  =  10~*'m’/s,  ionisation  due  to  CIV  is  significant  only  within  about  I  km  of  the 
release  point,  (a)  po  =  10**“  m^/s,  without  depletion;  (b)  po  =  10~‘*  m^/s,  without  depletion;  (c)  po  =  0. 
m^/s,  without  depletion;  (d)  po  =  10" m^/s,  with  depletion;  (e)  po  =  10"**  m^/s,  with  depletion;  (f) 
Po  s  0.  m^/s,  with  depletion;  The  total  calculated  yield  is  1.3%. 
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Figure  11:  Same  as  Figure  10,  but  with  E  s  10~*.  This  case  results  in  .13%  ionization  of  the  neutral  barium, 
(a)  po  -  10"**  m’/s,  without  depletion;  (b)  po  =  lO”**  m®/s,  without  depletion;  (c)  po  =  0.  rrfl/t,  without 
depletion;  (d)  po  =  10“**  m*/s,  with  depletion;  (e)  po  =  10“**  m’/s,  with  depletion;  (f)  pe  =  0.  m*/s,  with 
depletion; 


8.1  Bubble  Machine: 

Bubble  Machine  wae  a  charge  release  performed  in  full  sunlight  consisting  of  both  Ba  and  Sr  [11].  The  Ba  was 
expected  to  photoionue  while  the  Sr  was  observed  for  evidence  of  CIV.  Bubble  Machine  obeerrad  up  to  50% 
ionisation  of  the  Sr.  The  error  in  this  figure  may  however  be  up  to  a  factor  of  three.  Unfortunately  the  large 
uncertainty  in  the  experimental  results  makes  it  difficult  to  judge  this  release.  The  obeerved  ionisation  of  the 
Sr  however  is  consistent  with  the  conclusions  drawn  for  Porcupine.  In  Bubble  Machine  the  photoionising  Ba 
would  act  as  a  rapid  seed  ionisation  mechanism.  This  seed  ionisation  through  photoionisation  of  Ba  would 
likely  lead  to  a  more  rapid  electron  heating  than  obeerved  in  Porcupine.  The  increase  in  electron  heating 
would  decrease  the  time  to  first  ionisation  of  the  Sr  and  ultimately  lead  to  enhanced  values  of  Sr  ionisation. 
Hence  ‘jumping*  of  the  CIV  process  through  photoionixatioD  of  Ba  likely  led  to  the  enhanced  ionisation  of 
Sr  observed  in  this  experiment. 

8.2  Star  of  Condor,  Sr90: 

Star  of  Condor  was  a  radial  strontium  release  (37).  The  release  produced  Sr  moving  at  all  angles  to  the 
magnetic  field.  Since  Sr  does  not  photoionise  on  the  time  scales  of  concern  for  these  experiments,  the 
Sr  —  charge  exchange  cross  section  is  believed  to  be  no  larger  than  10~**  cm^,  and  roughly  50%  of 
the  released  Sr  was  estimated  to  have  velocities  in  excess  of  the  critical  velocity,  this  release  was  expected 
to  provide  an  excellent  example  of  the  operation  of  CIV  in  the  ionosphere.  The  results  however  indicate 
virtually  no  ionisation  occurred. 

The  SrSO  release  was  a  conical  Sr  release  occurring  at  an  angle  of  45*  to  the  magnetic  field  [38].  A  faint 
field  aligned  ion  streak  was  detected,  but  it  could  be  accounted  for  through  photoionisation.  If  ions  produced 
by  CIV  were  present,  the  maximum  yield  was  estimated  to  be  0.18%  of  the  Sr.  Like  Star  of  Condor,  SrSO 
f^ed  to  provide  evidence  of  the  existence  of  CIV. 

The  negative  results  of  these  two  Sr  releases  is  not  unexpected  in  light  of  the  current  work.  The  small 
Sr  —  O*  charge  exchange  cross  section  makes  these  releases  substantially  different  from  the  Ba  releases. 
Virtually  no  charge  exchange  contamination  should  be  expected  in  the  Sr  releases.  Without  CIV  no  significant 
ionisation  should  be  observed,  and  indeed  minimal  ionisation  was  observed  in  these  experiments. 

8.3  Star  of  Lima: 

Star  of  Lima  was  a  barium  release  carried  out  from  a  sounding  rocket  that  overperformed  [20,  36,  37].  The 
overperforming  rocket  exposed  the  released  barium  to  more  sunlight  than  expected.  The  results  of  the 
experiment  indicate  that  approximately  5  x  10^  of  the  10’*  released  neutrals  (.05%)  were  ionized.  Torhert 
and  Newell  [36]  point  out  that  this  level  of  ionization  can  be  accounted  for  through  photoionization  in  this 
experiment.  However,  using  a  charge  exchange  cross  section  7  x  10~**  cm’  at  8eV,  the  measured  ambient 
plasma  density  of  2  x  10*  cm*’  and  other  parameters  similar  to  Porcupine,  the  current  model  predicts  about 
.05%  of  the  neutrals  would  be  expected  to  ionize  through  charge  exchange.  Hence,  assuming  a  large  cross 
section,  charge  exchange  reactions  can  account  for  the  number  of  ions  produced  in  Star  of  Lima. 

The  relative  roles  of  the  photoionization  and  charge  exchange  mechanisms  in  producing  the  ions  is  not 
clear  from  the  experimental  data  available  in  Star  of  Lima.  It  is  clear  however  that  CIV  does  not  need  to 
be  invoked  in  order  to  account  for  the  ionization  observed. 


8.4  CRTT-I: 

The  CRTT-I  experiment  consisted  of  two  conical  barium  releases  performed  approximately  45  km  below 
the  solar  terminator  and  directed  upward  toward  sunlight  [32].  The  angle  between  the  axis  of  the  jet  and 
the  magnetic  field  was  45*.  In  CRIT-I,  diffuse  ionization  was  observed  several  lO’s  of  km’s  away  from  the 
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releaae  point.  The  analjrsia  of  the  experimental  data  led  to  determination  of  a  time  constant  for  ionisation 
of  1800  sec  .  In  their  analysis  of  the  experiment  Stenbaek- Nielsen  et  el.  [32]  assumed  a  barium-oxygen 
charge  cross  section  of  lO"^*  cm’,  giving  a  time  constant  for  charge  exchange  of  70000  sec.  However,  using 
the  assumed  value  of  10'^^  cm’,  the  tinM  constant  for  charge  exchange  is  1400  sec.  Clearly,  if  the  large 
Ba-0'^  charge  exchange  cross  section  is  correct  charge  exchange  can  account  for  all  the  ionisation  observed 
in  CRIT-I. 


8.5  CRTT-n: 

Like  CRTT-I,  CRTT-II  also  consisted  of  two  barium  shaped  charges  [33,  31,  35).  Similar  results  were  obtained 
in  each  release.  The  releases  were  performed  100  km  below  the  terminator  at  an  angle  of  58*  to  the  magnetic 
field  [31].  CRTT-II  observed  diffuse  ion  production  at  a  calculated  rate  of  .8%/sec.  In  addition,  substutial 
fiuxes  of  high  energy  electrons  [35]  and  intense  electric  field  near  the  barium  lower  hybrid  frequency  [20]  were 
both  observed  from  in-situ  diagnostics. 

Originally,  using  an  analysis  similar  to  that  used  for  CRIT-I,  ions  produced  by  charge  were  not  considered 
a  significant  ionisation  source.  Subsequently,  charge  exchange  contamination  of  CRJT-II  has  been  examined 
by  Swenson  ei  *1.  [34].  Using  a  value  of  10'^'*  cm’,  charge  exchange  is  shown  by  Swenson  et  al.  to  account 
for  the  entire  .8%/aec  ionisation. 

8.6  Other  Observations: 

The  predictions  here  that  space  releases  of  Ba  will  lead  to  substantial  charge  exchange  reactions,  but  not 
CIV  are  also  consistent  with  the  in  situ  measurements  of  hot  electrons  and  lower  hybrid  waves  made  during 
Porcupine[18]  and  Star  of  Lima  [20,  35].  According  to  the  theories  developed  here  the  charge  exchange 
reactions  ^ould  form  an  unstable  beam  which  will  act  to  heat  electrons  through  the  M2SI.  In  the  case  of 
sounding  rocket  releases  the  time  scales  are  such  that  explosive  growth  in  the  pjasma  density  is  not  achieved 
in  CTV,  yet  the  lower  hybrid  waves  of  the  M2SI  and  the  hot  electrons  should  still  be  observed.  This  is  indeed 
the  case  in  Porcupine  and  Star  of  Lima. 

Finally,  a  review  of  the  space  releases  indicates  some  empirical  correlation  between  increased  ambient 
plasma  density  and  CIV-Uke  processes  (enhanced  ionisation,  hot  electrons  and  lower  hybrid  waves).  The 
releases  observing  the  highest  leveb  of  enhanced  ionisation  (Porcupine  and  CRTT-II)  were  performed  at  the 
highest  ambient  densities  [35].  The  hypothesis  that  charge  exchange  reactions  are  the  source  of  the  observed 
enhanced  ionisation  is  also  consistent  with  this  empirical  correlation.  Higher  ambient  plasma  densities  will 
lead  to  an  increased  rate  of  charge  exchange  reactions. 

9  Summary 

As  the  comparison  above  shows,  the  results  of  CIV  experiments,  with  the  possible  exception  of  Porcupine, 
indicate  the  Ba  —  O*  charge  exchange  cross  section  at  8eV  may  be  bracket^  between  7  x  10~‘’  and  10~‘* 
cm’.  When  compared  to  the  Porcupine  results,  using  these  large  cross  sections  and  the  model  developed  here, 
the  spatial  extent  of  ionization  observed  in  Porcupine  may  be  explained  by  non-CIV  processes  although  the 
yield  produced  by  the  current  model  still  predicts  substantially  less  ionization  than  reported  in  Porcupine. 
If  the  high  yield  reported  in  Porcupine  was  caused  by  a  CIV  event,  and  is  not  attributable  to  measurement 
errors,  the  models  used  here  indicate  that  extensive  polarization  and  cross  field  transport  is  required  to  match 
the  observations.  Without  this  effect  CIV  ionization  must  be  confined  to  within  at  most  several  kilometers 
of  the  release  point. 
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ABSTRACT 

The  analytic  kernel  in  the  space-time  domain  for  the  Frechet  derivative  of 
acoustic  waveform  data  with  respect  to  changes  in  the  slowness  model  is  given  by 
the  Bom  ^^noximation  solution  to  the  integral  equation  of  waveform  scattering. 
Preconditioning  operators  in  the  soludon  of  this  toward  problem,  which  may 
incQcporate  a  priori  infotmadmi  and  approximate  solutions,  are  smoothing  operators 
in  the  imaging  problem,  the  first  iteradon  of  a  nonlinear  inversion  for  the  slowness 
model  Some  precondidoning  operuors  are  determined  to  solutions  to  the 
parabolic  wave  equadon,  and  then  used  to  create  new  sensidvity  funcdons  that 
retain  appropriate  characterisdcs  of  the  true  Frechet  kernel  in  forward  calculadons. 
The  new  sensidvity  funcdons  define  near-source,  near-ieceiver  and  to-field 
kernels,  as  well  as  kernels  which  exhibit  an  amplinide  decay  off  the  ray  yielding 
lay-pexpendicular  sensidvity  that  scales  with  the  Fresnel  zone  size.  A  sample 
calculadon  firom  a  synthedc  crosswell  imaging  experiment  shows  the  utility  of 
introducing  physically  appropriate  model  smoothing  direcUy  into  the  sensidvity 
funcdon  of  the  forward  problem,  helping  to  obtain  a  geologically  reasonable  image 
of  the  velocity  model  when  ray  coverage  is  insufficienL 
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INTRODUCTION 

Tomography  is  used  to  inven  seismic  travel  times  for  an  estimate  of  the 
background  velocities  within  the  propagating  medium  (Stork  and  Qayton,  1991), 
and  researchers  have  incorpoiacd  numerous  advances  into  recent  algorithms 
(Vidale,  1988, 1990,  Lines  and  LaFehr.1989;  Bregman,  et  aL.1989;  Bortfeld. 

1989;  Luo  and  Schuster,  1991;  Moser,  1991;  van  Trier  and  Symes,  1991). 

Methods  that  use  the  amplitude  as  well  as  the  phase  data  fiom  the  scattered 
wavefield  are  important  for  increasing  the  resolution  in  imaging  (Mora,  1989;  Pratt 
andGottlty,  1991).  Diffiaction  tomography  (Devaney,  1984;  ^K^Uiamson,  1991) 
and  wave-equation  tomography  (Woodward,  1992)  move  beyond  traveldme 
inversion  to  focus  on  the  infonnadon  in  the  foil  waveform,  and  it  is  dear  that  the 
waveform  data  are  sensitive  to  more  than  just  the  geometric  ray  path  between  the 
source  and  receiver  (Cerveny  and  Soares,  1992).  Wave  equation  methods  are 
needed  to  model  the  total  wavefield. 

The  nonlinear  relationship  betweoi  perturbations  in  the  vdodiy  modd  and 
perturbations  in  the  waveform  data  can  be  addressed  throu^  an  iterative  algorithm, 
using  the  local  linearization,  or  Frechet  derivative  (McGillivray  and  Oldenburg, 
1990)  of  the  forward  scattering  problem  in  each  step.  A  realistic  model  of  the  earth 
can  be  inferred  from  an  imaging  experiment,  the  first  iteration  in  a  nonlinear 
inversioa,  given  a  priori  knowledge  of  physically  correa  earth  models  in  the  form 
of  model  parameter  constraints  or  covariance  smoothing  functions  (Beydoun  and 
Mendes,  1989).  Using  a  preconditioning  operator  to  help  solve  the  integral 
equation  of  the  scattering  problem  introduces  the  same  operator  into  the  linearization 
of  the  forward  theory.  This  preconditioning  operator  in  the  forward  problem 
incorporatBS  exactly  the  data  and  model  covariance  information  required  for 
smoothing  the  inveision.  The  first  secticm  of  this  paper  describes  the  relatiooship 
between  the  preamditioning  operator  in  the  scattering  problem  and  the  smoothing 
operator  for  imaging. 

The  next  section  of  this  pt^  shows  the  development  of  the  parabolic  wave 
equation  with  perturbations  from  an  initially  homogeneous  slowness  model  This 
problem  is  cast  into  its  integral  equation  form,  and  the  Bom  approximation  gives 
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the  analytic  Frechet  derivative  for  use  in  wavefonn  tomographic  imaging,  where  a 
source  function  is  assumed  to  be  known.  Instead  of  using  simply  the  geometric  ray 
path  (Tlnd  and  Ugolini,  1990;  Carrion,  1991;  Michelena  ami  Harris,  1991;  Singh 
and  Singh,  1991),  the  Frechet  derivative  kernel  for  the  scattered  wavefield 
introduces  the  two  dimensional  sensitivity  function  in  ray-centered  coordinates 
cotxesponding  to  a  wave  path  (Woodward.  1992).  The  monochrmnatic  Frechet 
kernel  describes  the  sensitivity  to  perturbations  in  the  background  medium  of  the 
amplitude  and  the  phase  of  the  seismic  signal.  The  shape  and  bandwidth  of  the 
solution  after  completing  the  forward  cafoulation  incorporates  sensitivity  to  both 
transmission  and  wide-angle  scattering  within  the  propagating  medium.  The 
analytic  form  of  other  sensitivity  functions  are  introduced  which  include  smoothing 
transverse  to  the  ray  while  retaining  apptx^aiate  physical  characteristics  of  the  true 
linearized  solution  of  the  forward  problem.  Use  of  these  preconditioned  Frechet 
kernels  in  the  space-time  domain  imaging  problem  automatically  applies  ray-based 
smoothing  constraints  to  waveform  data,  and  this  is  illustrated  with  two  imaging 
examples  from  a  synthetic  crosshok  seismic  survey.  Applying  appropriate  image 
smoothing  is  mapped  to  defining  preconditioning  functions  which  incorporate  a 
priori  knowledge  or  iqrproximaie  solutions  in  the  forward  theory,  and  the 
smoothing  is  accomplished  in  a  single  waveform  tomographic  imaging  step  using  a 
modified  sensinvity  kernel 

MATHEMATICAL  FORMALISM 
Solving  the  integral  eouarion  of  scattering 

Introducing  a  model  perturbation  5m  into  the  homogeneous  differential 
equation  defined  by  the  differential  operator  L,  the  new  wave  equation  for  the 
scattering  problem  is  (L  -  Sm^ )  u^)  »  0.  The  new  wavefunction  solution  u  » 
Ui-Hi,  defined  at  position^  is  the  sum  of  the  incident  and  scattered  wavefields, 
respectively.  Since  the  model  perturbation  becomes  a  force  term  for  the  original 
wave  equation,  a  solution  of  the  resulting  inhomogeneous  equation  is  obtained  by 
writing  the  scattered  wavefield  as  an  integral  over  the  new  force  and  the  Green’s 
function  solution  for  the  original  equation.  For  a  source  at  Poand  with  the  time 
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dependence  given  by  t,  the  Green’s  function  G,  at  receiver  due  to  a  secondary 
source  (scaoexer)  at  r*  gives  an  integral  for  the  scattered  wavefield 

“sCTj.  t)  »  J  dr'  Gj(r^.  1 1 1*)  5in(f*)  u(r'.  t)  .  (1) 

The  result  for  the  scattered  wavefield  in  equation  (1)  is  general  and  can  be 
applied  to  a  variety  of  surface  and  volume  scattering  problems  (e.g.,  Kennet,  1984; 
Snieder.  1986).  A  powerful  method  for  solving  equadon  (1)  is  by  iteradon,  Le., 
putting  successive  tqtproximadons  for  u  into  the  tight  hand  side  of  the  equadon. 

This  creates  a  Neumann  series  soludon,  and  choosing  u  «  Ui  in  the  first  iteradon 
yields  the  Bom  series.  For  an  unperturbed  equadon  with  a  delta  funcdon  source, 

UiaGi.  When  the  amplinide  of  the  scattered  wavefield  is  small  reladve  to  the 
incident  wavefield  (u,«  U}),  equadon  (1)  can  be  linearized.  Le.,  higher  order  terms 
in  u,  (in  5m)  are  neglected.  The  fint  iteradon  of  the  Bora  series,  or  the  Bora 
^tproximadon  to  u  is  given  by 

UjCTj.  To*  0  =  J  dr'  G.fTj.  1 1  r*)  5m(r*)  Gj(r*,  1 1  p^)  ■  F  5m  .  (2) 

The  right  hand  side  cf  equadon  (2)  can  be  associated  with  the  linear  term  in  a  Taylor 
expansion  of  the  data  as  a  funcdon  u  »  f(m)  of  model  parameter  m.  Equadon  (2) 
defines  the  Firechet  derivadve  operate  F  whose  kernel  is  given  by  the  prodnct  of 
the  two  Green’s  funcdons.  Linearizing  the  scattering  problem  implres  that  all 
muldple  interacdons  with  the  scattering  medium  are  neglected.  Feynman  path 
summation  over  all  possible  scattering  paths  between  the  source,  scattering  field 
and  the  receiver  fcmnalizes  this  (Feynman  and  Hibbs,  1965)  and  yields  the  same 
result  as  in  eqtiadon  (2)  when  only  single  scattering  is  considered  (Clayton  and 
Stolt,  1981).  For  the  scattered  wavefield  u,  s  u-Uj »  5u,  equadon  (2)  can  be 
rewritten  to  define  the  kernel  D  of  the  operator  F 
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8u(r^.  t)  -  F  5in  ■  J dc*  D(r^.  x;.  i ;  c*)  SmCr*)  •  (3) 

The  kernel  D  is  the  Frechet  derivative  operaior  kernel,  or  sensidviiy  function, 
rigfining  the  weight  given  to  model  perturbations  which  describes  the  variation  in 
the  data  relative  BO  changes  in  the  model 

Using  equation  (1)  for  u,.  u  -  u, «  uj  is  trf  the  general  form  A  (u) «  ^  where 
A  is  a  known  linear  operator  acting  on  the  unknown  function  u,  and  uj  is  known. 

The  first  iteration  ai  a  general  iaerative  method  for  solving  these  types  of  equations 
looks  like  (Kkinman  and  Van  den  Berg,  1991) 

a  «  0,  -  11,  +  o„C(u;-Au.)  .  (4) 

When  ail*  1.  and  C  is  equal  to  the  identity  operator  (I),  equation  (4)  is  the  first 
iteration  in  a  Neumann  series;  and  when  Uo*tti  then  (4)  becomes  the  Bom 
approximatituL  Khchhoff  diffiaction  is  described  compleudy  by  single  scanering, 
thus  the  Bora  approximatkm  gives  the  exact  solution  to  this  diffiaction  problem. 

The  forward  problem  is  comfdicaied  by  the  fact  that  the  Bora  approximation  is  not 
always  sufficient,  and  indeed  the  full  Bora  series  is  not  always  convergent  In 
equation  (4),  an  is  a  relaxation  parameter  for  the  first  iteration  and  C  is  a 
preconditioning  operator  chosen  to  helpranvergence  of  the  iterative  scheme  for  the 
forward  problem. 

Rearranging  terms  in  equmion  (4),  letting  an  *  and  using  equation  (2) 
to  define  the  operator  A  for  the  scattering  problem  of  equation  (1)  gives  a  relation 
for  5u*u>ui 

5u»(aCF)6ra.  (5) 

The  operator  aC  is  introduced  into  the  forward  theory  and  modifies  the  true 
Frechet  derivative  operator.  If  aC  is  the  identity  operator,  the  result  of  equation  (S) 
is  exacdy  that  of  equation  (3).  As  a  function  of  source  and  receiver  positions  r^,  r^, 
scattering  position  and  time  t,  the  operator  C  can  be  designed  to  achieve  a  number 
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of  preconditioning  procedures  through  the  operator  product  (aC)(F),  including 
asymptotic  and  approximaoe  solutions  as  well  as  data  and  model  weighting.  This 
corresponds  to  the  applicadon  of  a  distorting  function  (Murch,  1992)  which 
attempts  to  compensate  for  the  difference  between  the  incident  field  and  the  actual 
field. 

Inverse  theory  and  imaging 

Imaging  of  model  perturbadons  is  the  result  after  the  first  iteradon  in  an 
iteradve  inversion  algorithm.  Equation  (S)  is  in  the  form  of  a  simple 
(noosymmetric)  linear  operator  equation,  and  hence  an  iteration  scheme  can  be  used 
to  solve  for  the  model  perturbation  Sm  as  used  to  get  equation  (4)  for  the  data. 
Letting  die  preconditioning  operator  for  this  inverse  probtem  be  the  adjoint  of  the 
linear  operator  (a  C  F)  of  equation  (S).  and  setting  5mo«0  and  ai  for  a  fint 
iteration  result  as  in  equation  (4),  the  imaging  is 

6m^  *p(aCF)  5u. 

With  0^1  and  C-I  in  the  forward  problem,  and  ^1  in  the  inverse  problem,  the 
imaging  result  of  equation  (6)  (for  F  teal)  would  look  like  Smi «  F*5u,  and  full 
iteration  would  define  the  normal  equations  for  the  generalized  inverse.  Related  to 
linear  filter  theory,  this  imaging  result  is  a  mareh  filter  and  the  inversion  is  a 
deconvolutional  filter  for  a  known  source  wavelet  when  the  model  parameter  is  the 
reflectivity  of  the  medium  (Cardimona,  1991).  Related  to  single-step 
migration/inversion  (Beydoun  and  Mendes,  1989),  the  image  is  a  migration  of  the 
data,  arxl  the  inversion  result  is  given  by  the  deconvolution  of  the  image  by  a 
Hessian  correction. 

With  a  nontrivial  C  Operator,  the  imaging  solution  given  by  equation  (6) 
becomes  a  modified  gradient  solution  (Tarantola,  1984)  where  the  preconditioning 
operator  helps  to  accelerate  convergence  and/or  simplify  the  computations.  The 
result  in  equation  (6)  relates  exactly  m  that  obtained  after  the  first  iteration  of  a 
conjugate  gradient  algorithm.  In  order  to  minimize  a  weighted  combination  of 


(6) 
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prediction  error  and  model  covariance  size,  the  first  iteration  of  a  gradiem  method 
for  determining  changes  in  model  parameter  m  is  proportional  to  (Tarantola.  1^; 
Carrion,  1989) 

8mj  »  C,„F* 5u  ,  (7) 

where  F*  is  the  adjoint  of  F  (F*>F‘  for  teal  F).  and  Q,  and  Cn  are  the  least  squares 
functional  weighting  operators,  equivalent  to  the  data  covariance  and  model 
covariance  matrices  for  the  discrete  problem  (Tarantola,  1986).  Tlie  right  hand  side 
of  equation  (7)  de&ies  the  adjoint  operator  (Tarantola,  1987)  acting  on 
perturbations  in  the  data  as  used  in  equation  (6),  and  shows  that  the  preconditioning 
operator  C  of  the  forward  problem  can  be  defined  to  contain  within  it  the  data 
weighting  given  by  Q  and  the  model  space  smoothing  given  by  Cm.  Introducing  C 
as  a  weighting  function  with  lespea  to  source  and  receiver  positions,  scaneier 
position,  fiequency  or  time  can  help  to  suppress  the  influence  of  noisy  data  on  the 
inversion,  alter  the  expected  resolution  for  the  model  parameter  or  focus  the 
inversion  on  a  specific  range  of  fiequency,  offset  or  time. 

With  no  preconditioning  operator,  a  model  perturbation  estimate  is  of  the 
form  Smi35ma,»F*5u.  The  kernel  for  the  transpose  operator  F*  in  the  inverse 
problem  is  the  same  as  that  of  F  in  the  forward  problem,  but  the  operation  is  over 
die  transposed  variables.  Using  equation  (3)  with  a  receiver  n,  source  at  rg  and 
time  dependence  given  by  t,  the  model  perturbation  estimate  at  r’  is 

n-j  0  ^ 

The  transpose  operator  in  equation  (8)  incoiponues  a  contraction  over  the 
time  variable  within  the  data  window  T,  and  this  coirelation  operation  becomes  the 
imaging  condition.  The  summation  (stack)  over  all  source  and  receiver  positions 
incorpoRues  the  infonnation  fiom  all  the  data  traces  available.  A  nontrivial 
preconditioning  operator  C  in  equation  (S)  defines  a  new  sensitivity  function  for  the 
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forwaixl  problem  and  thus  introduces  a  smoothing  function  into  the  imaging 
equation  (8)  and  the  inverse  problem. 


PARABOUC  WAVE  EQUATION  APPUCATION 

ForwanL  scaneriBg  problem 

Starting  fiom  the  scalar  Helmholtz  equation  with  wavenumber  k, 
let  ^(x,y)  a  exp(i  k^x)  P(x,y)  define  the  wavenumber  ko 

associated  with  the  initially  homogeneous  background  medium.  For  frequency  co, 
introduce  slowness  s  as  the  model  parameter  such  that  (ossk.  With  a  background 
slowness  Sq.  let  (s-So)a5s  be  the  perturbadon  in  the  model.  Putting  ^  into  the 
Helmhoitz  equation  gives  a  differential  equation  for  P(x«y)  in  which  the  P„  term  is 
negtecied.  Noting  that  (k^ko^  «  0t)2(2So&  5s^  and  neglecting  the  Ss^  tem.  the 
parabolic  equation  for  P(x.y)  is  given  by 

Pyy  +  i  2<o  P,  a  -2(0^  $0  Ss  P  .  (9) 

Applying  the  parabolic  wave  equation  requires  the  use  of  relatively  high  firequencies 
and  rays  that  diverge  relatively  slowly  (Graves  and  Qayton,  1990;  Wapenaar, 

1990).  When  Ss^O  (free  particle),  introduction  of  a  delta  function  source  gives  the 
exact  Green's  function  solution  (Mathews  and  Walker,  1970)  needed  to  solve  the 
inhomogeneous  equation  (9).  After  linearizing  the  solution  for  P  as  in  equations  (2) 
and  (3)  (with  frequency  co) 

P  -  P„  =  Pj  =  Jdx'  Jdy'  ico  Po  K(x.y,co  ;  x'.y’)  5s(x'.y')  .  (10) 

where  [/  (oPqK'  .  !0,x',y')]  is  the  monochromatic  Frechet  derivative  operzK^ 
kernel  for  this  problem,  acting  on  slowness  perturbatiems  Ss(x',y')  to  give 
perturbations  Pi(x,y,a})  in  the  data.  Note  that  equation  (10)  is  set  up  directly  for 
extension  to  the  Rytov  approximation  (Devaney,1984;  Rajan  and  Frisk,  1989), 
where  the  scattering  is  associated  with  a  complex  phase  term  Pi/I\>-  Since  the 
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Rytov  approximation  can  be  achieved  through  an  extension  of  the  Bom  thetny,  this 
paper  is  restricted  to  the  study  of  the  function  K  of  equation  (lO)  which  defines  the 
weight  applied  to  the  model  perturbation  at  point  (x'.y'),  as  felt  at  the  receiving 
point  (x.y). 

Without  loss  in  generality,  the  rectangular  coordinate  system  is  translated  so 
that  the  source  is  at  (0,0),  and  rotated  so  that  the  x-axis  is  the  linear  ray  path 
between  the  source  and  receiver,  putting  the  receiver  at  the  pt^  (X,0).  After 
making  this  change  of  variables,  the  function  K  for  the  Bom  approximation 
solution  in  (10)  is  in  the  form 

K(X.U;x’y)  .  «P  {  i  }  •  <*') 

H  has  the  units  of  distance  and  controls  the  amplitude  variation  in  the  ray-parallel 
direction,  giving  the  correct  singularities  at  the  source  and  receiver 


When  5sa0  in  equation  (10)  the  scattered  wavefield  P}  »  0,  and  P  s  p^  the 
free  space  solution.  When  the  pemirbation  in  the  background  slowness  is  a 
constant  5s«6sq,  the  integral  of  (10)  becomes,  afrer  making  the  change  of  variables 
described  above  and  using  equations  (1 1)  and  (12), 

K  “  ‘“Vi  1 

The  integral  of  (13)  is  solved  with  the  help  of  a  useful  definite  integral 
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(14) 


With  (14),  equation  (13)  becomes 


(15) 


Equation  (15)  gives  the  correct  phase  change  due  to  the  perturbed  slowness  field,  as 
seenfirom 

(#-')  -  {  exp[/0c-kjx]-l  }  .  ia)58,X  +  0(l5s/)  .  (16) 

*0 


With  a  linear  txend  in  y',  there  is  no  perturbation  in  the  phase  or  amplitude 
of  the  data  P,  since  the  /'integral  of  the  odd  linear  function  against  the  even 
Gaussian  y*  dependence  in  the  function  K  is  zero.  This  is  correct  for  X  small 
compared  to  the  radius  of  curvature  of  the  perturbed  ray.  For  a  quadratic  in  y*  as  a 
slowness  perturbadon  given  by  6s(x*,y’) »  a  (y’)2/2,  then  equadon  (10)  becomes 


(17) 


The  integral  in  (17)  is  solved  using  another  useful  definite  integral  which  can  be 
obtained  fixxn  (14) 


-A( Jdxe  “')  .  jdxe“‘x2 
Using  (18),  equadon  (17)  becomes 


(18) 
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g 

2Xs. 


A 

•Jdx'[Xx'-(x’)*]  ,  (19) 


so  that 


(20) 


When  the  second  derivative  of  the  slowness  is  negative  (a<0,  as  in  a  low  velocity 
acoustic  channel),  equation  (20)  gives  the  correct  amplitude  focusing  described  by 
the  geometrical  spreading  equations  of  ray  theory  (Otveny  and  Hron,  1980). 

Figure  1  shows  the  amplitude  and  wrapped  phase  for  the  function  of  equation  (1 1). 
From  the  phase  variation  in  the  transverse  coordinate,  it  is  clear  the  ray  feels  a 
region  around  the  classical  ray  path  (Woodward,  1992),  and  the  scale  of  this  region 
relates  to  the  Fresnel  zone  size.  The  amplitude  of  this  kernel  is  more  curious, 
having  no  variation  in  the  transverse  coordinate  at  all. 

In  the  following  discussion,  some  integral  operators  are  defined  which, 
when  applied  to  the  exact  Frechet  derivative  kernel  given  by  equation  (1 1),  create 
new  sensitivity  kernels  for  the  forward  {xoblem  that  retain  the  appropriate  analytic 
scattering  results  of  equations  (13)-(20).  ^th  a  transformation  operator  kernel 
given  by  o,  a  new  function  K,  is  defined  by 

X 

K,(X.Ci);x*.y’)  -  J  dx"j  dy"  K(X,a)  ;  x’*,y”)  o(x".y",Q)  ;  x’.y’)  .  (21) 

0  — 


so  that  a  new  form  of  equation  (10)  is 


^1^  go 

y-  *  J  dx’  J  dy’  I  w  K,(X,(i) ;  x'.y*)  5s(x’,y’)  . 
“  0  — 


(22) 


If  o(x”,y'’,ti);x',y’)  *  6(x‘*-x’)5(y’'-y*).  then  K,aK  and  (22)  becomes  exactly 
(10).  Note  that  a  could  be  a  function  of  source  and  receiver  positions  as  well,  and 
then  (21)  would  define  an  operator  over  the  (x.y)  coordinates  of  (10).  Using 
equations  (21)  •  (22)  and  interchanging  the  order  of  integradon  shows  that  the 
function  a  acting  on  the  Frechet  kernel  is  actually  a  smoothing  fiincdon  on  the 
model  parameter  changes  5s(x’,y’)  (Cardimona,  1993). 

With  the  lesults  of  equadons  (IS)  and  (20)  as  criterion  for  defining  o  in  (21) 
and  (22),  the  analyde  expression  of  a  small  class  of  smoothing  funedons  can  be 
determined  and  is  given  by 

o(x",y",tD;x',y*)  -  5(x**-x*)  ^  exp(  ^  y”  -  / 1 )  .  (23) 


where  H  is  the  same  as  in  equadon  (12),  and  F  is  another  fiincdon  of  X,  x',  s^  and 
ox  The  smoothing  operator  of  equadon  (23),  when  used  as  in  equadon  (21)  to  get 
a  new  sensidvity  kernel,  exchanges  H  with  the  funedon  F  in  equadon  (1 1).  That  is, 
with  (23),  K,  is  the  same  as  K  in  equtuion  (1 1)  except  that  the  function  F  describes 
the  ray-parallel  amplitude  dependence.  When  F  >  H  in  equadon  (23),  then  K,  »  K. 
Introducing  three  other  possible  funedons  for  F  that  sdll  retain  the  conect  ray  theory 
scattering  results  in  the  discussion  of  equadons  (13)-(20)  defines  different  ray- 
paiallel  dependence 


-  [EiEi 

"V  3  0)  So 


and  F 


(24) 


describing  near-source,  near-receiver,  or  far-field  x'-dependence  in  the  sensidvity 
kernel,  respecdvely. 

Another  class  of  smoothing  funedons,  again  determined  using  equadons 
(15),  and  (20)-(22),  give  inieresdng  sensidvity  kernels.  With  H  and  F  given  by 
(12)  and  (24), 
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2 

o(x".y".ci);x’y)  »  5(x'*-x’)yilexp[-(^)  -i|]  .  (25) 


Using  the  helpful  definite  integral 


J dx exp(- =  ^/f  exp(-2 Tab )  , 


(26) 


equations  (1 1)  and  (25)  together  with  equation  (21)  yields 

K.(X,(l):x-.y’)  -  iyi«p(-!^)  Mp[i  (^-f )  ]  .  (27) 

With  FacH  in  equation  (25),  equadon  (27)  is  a  sensidvity  fiincdon  with  the  conect 
ray-parallel  amplitude  dependence,  but  including  an  exponential  damping  term 
perpendicular  to  the  ray.  The  physics  of  wave  propagadon  details  that  the  phase 
contribudons  to  the  integradon  in  equadons  (10)  and  (22)  firom  the  y*  cooidinatB 
(ray-perpendicular)  damp  out  away  from  the  ray  due  to  incoherent  stacking  away 
firom  the  stadonary  path.  The  amplitude  of  the  kernel  given  by  (1 1)  does  not  reflect 
the  Fresnel  zone  sampling  of  the  ray.  Inctxporadng  the  amplitude  decline  away 
firom  the  classical  ray,  the  kernel  of  (27)  retains  sensidvity  reladve  to  the  Fresnel 
zone  width  while  putting  limits  on  the  ray-perpendicular  integradon  for  the  terms  in 
the  Bom  series  (Figure  2). 

The  funcdons  given  by  equadons  (23)  and  (25)  are  precondidoning 
operators  in  the  forward  problem  to  help  the  Bom  approximadon  be  more  accurate, 
or  help  the  Bom  series  converge  (Cardimona,  1993).  For  example,  the  far-field 
kernel  has  no  square-roo:  singularities  at  the  source  and  receiver,  thus  allowing  the 
forward  iieradve  method  to  be  mote  stable.  In  the  imaging  problem,  the 
precondidoning  functions  work  to  smooth  out  the  sensidvity  variation  of  the  Bom 
kernel. 
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Inverse  pmblcm 

For  the  imaging  problem,  a  solution  in  the  form  of  equation  (8)  is  sought 
Referring  back  to  the  original  inhomogeneous  equation  (9),  let 


P,(Xj.O)  ■  5u(r^.t) 


(28) 


be  the  perturbation  in  the  dme-dependent  data  for  a  source  and  receiver  pair  defined 
by  position  r  and  (Stance  Xj.  This  particular  forward  problem  is  then  given  by 


SuCfj.t)  *  J  dx'J  dy'  ic(r^.t ;  x'.y*)  6s(x',y’)  . 


(29) 


In  equation  (29)  the  forward  response  for  a  set  of  frequencies  is  calculated,  and 
then  the  Fourier  transform  is  applied  o)  get  the  time  (fependent  kernel  k 

K(r.i : x’y)  »  Jdue'”'  [i m  W((0) 6“* P.(Xj.O)  K(Xj.(i) ; x'y) ]  .  (30) 


W((D)  is  the  source  wavelet  signature,  and  K  is  a  sensitivity  function  firom  the 
lineaiization  of  the  forward  problem.  The  transpose  of  the  kernel  k  in  equation  (29) 
corresponds  to  the  application  of  the  same  sensitivity  function  on  the  data, 
integrating  over  the  transposed  variables.,  Comparing  with  equation  (8),  the 
transpose  operation  involves  an  integral  over  time  and  a  summation  over  all  source 
and  receiver  combinations 

5s(x',y')  *  ^  Jdt  K(r.t;x’y)  5u(r^,t)  .  (31) 

j  0 
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RESULTS 


Synthetic  crosswell  imarira 

Figure  3a  shows  the  geometry  for  a  synthetic  scatterer  imaging  experiment 
in  a  simple  crosshole  waveform  tomography  problem.  Five  sources  at  SO  m 
spacing  in  well  #1  and  five  receivers  at  SO  m  spacing  in  well  #2  gives  2S  source- 
receiver  pair  records.  For  5s  a  point  perturbation  in  the  middle  of  tire  model  at 
(.2S,.10).  the  calculated  gradients  of  the  model  update  after  a  single  iteration  are 
shown  in  Figures  3  and  4.  the  results  using  the  exact  sensitivity  kernel  K  from 
equation  (1 1)  and  a  smoothed  venion  K,  fiom  equadon  (27),  respectively.  The 
synthetic  seismograms  are  calculated  for  perturbation  from  a  constant  velocity 
model  in  a  10-60  Hz  band,  for  each  of  the  five  shots  and  five  receiven  using 
equations  (10)-(12)  and  (28)-(30).  Then,  using  equation  (31)  for  each  of  the 
sensitivity  functions  yields  images  of  the  slowness  perturbation. 

Comparing  Figures  3d  and  4c,  the  Bom_gradrent  result  is  clearly  the  best; 
although  it  still  shows  some  horizontal  smearing  of  the  point  perturbation  due  to 
lack  of  surface  data.  The  inversion  damping  associated  with  the  use  of  K.  is  most 
pronounced  where  data  coverage  is  sparse,  as  seen  in  the  single  shot  gather  imaging 
of  Figure  4a&b  and  near  each  well  in  the  full  gradient  results  of  Figure  4c, 
compared  with  Figures  3c -d,  respectively.  It  is  clear  frnom  the  selected  shot  gathen 
(Hgure  3b&c  and  4a&b)  that  using  the  smoothed  sensitivity  function  K,  does  the 
job  of  damping  tite  inversion,  yielding  qualitatively  more  desirable  results.  Hgure 
5  illustrates  this  through  another  example  of  the  reconstruction  of  a  constant 
background  slowness  perturbation  (Figure  Sa)  using  only  five  records  from  a  shot 
at  position  #3  at  depth  1(X)  m.  (as  in  Figures  3c  and  4b).  The  gradient  calculations 
have  been  modified  by  a  function  which  helps  to  make  up  for  the  known  poor  ray 
coverage  (Hgure  Sb).  The  imaging  result  using  K,  (Figure  Sd)  is  clearly  the  better 
teconstiuction  of  the  constant  perturbation,  in  contrast  to  the  image  using  the  true 
Bom  kernel  (Hgure  Sc). 


DISCUSSION 

In  imaging  experiments,  the  variation  in  model  parameters  is  sought,  and 
geologically  reasonable  results  are  achieved  with  the  help  of  smoothing  functions. 
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Preconditioning  operators  in  the  fonvard  theory  incoiporadng  approximate 
solutions  and  a  priori  information  become  smoothing  operators  in  the  imaging 
problem.  Using  analytically  determined  sensidvity  functions  in  ray  centered 
coordinates  for  perturbations  to  the  parabolic  equation,  this  paper  develt^s  a 
specific  iq)plication  to  imaging  using  full  waveform  data  in  a  tomographic 
experiment  where  only  phase  information  (traveltime  data)  is  often  used.  The 
analytic  extension  of  these  ideas  to  more  iterations  in  the  inversion  is  not  criviaL  In 
waveform  inversion,  it  is  the  action  of  the  adjoint  operator  to  the  forward  problem 
acting  on  the  data  residuals  which  yields  the  required  update  in  the  model.  When 
tire  adjoint  is  other  than  the  exact  transpose  of  the  forward  (Bom  approximation) 
operator,  it  acts  to  smooth  the  gradient  in  the  inverse  calculation  in  order  to  help  the 
convergence  of  the  iterative  scheme.  It  is  from  the  solution  to  the  forward  problem 
that  physically  reasonable  smoothing  operators  for  the  inverse  problem  can  be 
determined.  The  smoothing  operators  developed  in  this  paper  were  defined  for 
specific  cases  to  coirespond  with  the  Bom  approximation  results  in  the  forward 
calculations.  However,  any  type  of  smoothing  normally  helps  convergence,  and 
physically  reasonable  operators  defined  from  approximate  or  asymptotic  solutions 
in  the  forward  theory  are  enticing  and  easily  introduced  directly  into  the  imaging 
step. 
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FIGURE  CAPTIONS 


Fig.  1.  The  amplitude  and  (wrapped)  phase  in  ray<centered  coordinates  for  the 
monochromatic  Frechet  derivadve  dte  parabolic  wave  equation:  (a)  phase  at  10 
Hz;  (c)  phase  at  60  Hz.  The  amplitude  variation  in  (b)  is  qualitatively  the  same  for 
both  frequencies,  differing  by  a  scalar,  (d)  The  geometry  for  a  source  at  (0,0)  and 
a  receiver  at  distance  X^O.S  km  from  the  source.  All  spatial  coordinates  in  km. 

Fig.  2.  Plots  of  the  amplitude  and  (wrapped)  phase  for  a  preconditioned  sensitivity 
function  associated  with  the  parabolic  wave  equation  at  specific  frequencies:  (a) 
and  (b)  10  Hz;  (c)  and  (d)  60  Hz.  The  ray-centered  coordinate  geometry  is  as  in 
Figure  Id. 

Fig.  3.  (a)  Geometry  of  a  simple  cross  borehole  tomographic  experiment  (b)-(d) 
Example  gradient  calculadon  (imaging  experiment)  using  the  true  Bom  kernel  for  a 
point  perturbadon  in  the  model  (b)  and  (c)  are  the  contributions  to  the  gradient 
from  the  record  gathers  for  shot  #1  and  for  shot  #3,  respecdvely.  The  full  gradient 
update  (the  image)  of  perturbadons  to  die  background  slowness  is  given  by  a  sum 
of  the  contribudons  from  all  25  data  records  in  (d). 

Fig.  4.  Example  gradient  calculadon  (imaging  experiment)  using  the  smoothed 
sensitivi^  funcdon  K,  for  a  point  pnturbadon  in  the  model  The  cross-hole 
geometry  is  as  in  Figure  3a,  with  horizontal  and  vertical  scales  in  km. 

Fig.  S.  (a)  The  slowness  perturbadon  to  the  constant  initial  model  for  the  forward 
synthedcs  is  taken  as  a  small  constant  pc^idve  value.  The  cross-hole  geometry  is  as 
in  Figure  3a.  (b)  The  ray  coverage  through  the  medium  for  the  single  shot  gadier, 
used  to  modify  the  gradient  calculadons.  The  darker  the  plot,  the  less  ray  coverage, 
(c)  Image  using  the  Bom  kernel  and  modified  by  a  funcdon  as  in  (b)  describing  the 
poor  ray  coverage,  (d)  Modified  image  using  the  smoothed  kernel  K,. 
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Abstraa 


The  preconditioning  oper^OT  used  in  solving  the  integral  equation  of  the 
forward  scattering  problem  is  shown  to  be  a  smoothing  operator  introduced  into 
a  calculus-based  opdmizanon  technique  to  create  an  image  of  model 
perturbadons.  Some  precondidoning  operators  for  soludons  to  the  paraxial 
wave  equadon  are  analydcally  derermined  horn  the  physics  of  the  forward 
scattering.  The  qualitadve  nature  of  these  preconditioning  operators  is  described 
showing  how  they  become  smoothing  funcdons  on  the  model  space  of  slowness 
perturbadons. 


Integral  equations  that  arise  in  scattering  problems  describe  the 
wavefuncdon  (data)  in  terms  of  a  perturbation  in  the  potential  The  Neumarm 
series  is  one  example  of  more  general  iteradve  methods  which  can  be  employed 
to  get  a  soludon  to  the  forward  problem.  The  particular  iteradon  method  by 
which  the  forward  problem  is  solved  has  direct  significance  wlun  looking  at  the 
linearizadon  of  that  soludon  for  use  in  the  inverse  problem.  With  the  operators 
defined  in  physical  space,  the  intuidve  descripdon  of  the  precondidoning 
operator  used  in  solving  the  forward  scattering  problem  defines  appropriate 
smoothing  operators  in  scatterer  imaging,  the  first  iteradon  result  in  an 
opdmizadon  technique  to  solve  the  nonlinear  inverse  problem. 

Introducing  a  model  perturbadon  5m  into  a  differendal  equadon  defined 
by  the  operator  D  yields  the  forward  scattering  problem  for  wavefuncdon  <)>  at 
positions  r 

(D-5m(r))<D(r)  =  0  .  (1) 

where  the  soludon  <(>  s  is  the  sum  of  the  incident  (background)  and 
scattered  wavefields.  Equadon  (1)  can  be  solved  by  writing  the  scattered 
wavefield  as  an  integral  over  the  Green’s  funcdon  soludon  to  the  original, 
unperturbed  wave  equadon  with  a  delta  funcdon  source.  Letting  this  Green’s 
funcdon  be  Go>  a  soludon  can  be  written  as,  for  a  receiver  at  r  and  scattering 
points  r’  in  the  medium, 

0(r)  =  <|>j(r)  +  I  dr'  G<,(rlr’)  5in(r’)  4>(r’)  *  (|>j  +  K  (|>  .  (2) 

The  scattered  wave  field  in  (2)  is  defined  by  the  integral  operatOT  K. 

Designating  the  operator  G*K)  to  be  L  (I  is  the  identity  operator)  gives  an  integral 
equadon  of  the  second  kind 

L.((»  =  .  (3) 
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A  general  iterative  scheme  (1]  for  solving  (3)  is  given  by 


msl 

In  (4),  C  is  a  preconditioning  operator,  and  the  Onm  are  coefficients  to  help 
convergence  of  <t>n  to  the  solunon  (j).  Equadon  (4)  yields  the  Bom  series 
solution  when  C^I.  the  identity  operator,  0^1=0,  m<n;  Onn^l:  and  <t)o-  <t>i . 

Letting  aiisoc,  the  first  iteration  of  (4)  is 

(D  2  (l  +  aCK)4>.  .  (5) 


With  oesl  and  C=I,  (5)  is  the  Bom  approximation  which  describes  single 
scattering  within  the  medium.  If  the  Bom  series  is  convergent,  it  corresponds  to 
the  geometric  series  expansion  of  the  formal  solution  of  (2)  and  describes  the 
resolvent  R  from  the  Fredholm  solution  to  the  integral  equation,  (i>i 

[2].  In  the  Bom  approximation,  the  true  Green's  function  of  the  resolvent  R  is 
approximated  by  the  Green’s  function  from  the  original  homogeneous  equation 
given  by  the  operator  K  in  (2).  For  example,  Kiichhoff  diffraction  is  described 
completely  by  single  scattering,  and  the  Bom  approximation  gives  the  exact 
solution  to  this  problem. 

Complicating  the  forward  problem  is  fact  that  the  Bom  approximation  is 
not  always  sufficient,  and  the  full  Bom  series  is  not  always  convergent  For  the 
Bom  power  series  in  K  obtained  from  (4),  a  comparison  series  to  (|>n  can  be 
introduced, 

l0nl  ^  l^olmax  ISmCiax  I  •'2  ■  ’’l  I"  •  (6) 

where  Ir2  -  ril  is  symbolic  for  the  size  of  the  domain  of  the  icemel  (Go  5m)  of  K. 

Then,  by  the  ratio  test  convergence  of  the  Bom  series  is  assured  if 
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IGolnuu  |5m|  max  I  **2  ”  **1  ^  ^  ^  ■ 


O) 


For  a  norm  II  *11  on  the  Hilben  space  where  K  of  (2)  is  defined,  the  condition  (7) 
is  related  to  the  convergence  condidon  given  by  the  spectral  radius  a(K) 

a(K)  -  lim  IIK“||"  <  1  .  (8) 

When  the  Bom  series  is  ncK  convergent,  a  precondidoning  operator 
introduced  via  (4)  can  help  to  achieve  convergence  [1].  The  operator  C  in  (5) 
corresponds  to  the  distordng  function  [3]  which  attempts  m  ccmpensaie  for  the 
difference  between  the  incident  field  and  the  actual  field.  This  precondidoning 
operator  can  help  the  linearization  to  better  approximate  the  resolvent,  thus 
helping  convergence  wiiere  the  constant  a  has  only  limited  effect  A  relation 
similar  in  form  to  (7)  can  qualitatively  describe  a  convergence  criterion  after  the 
fint  approximation  in  (S), 

l^olmxx  l^^^'lmxx  I  **2  ”  *"l  I  ^ 

Here  (Go’  5m)  is  the  kernel  of  the  operator  [C  K]  of  (5).  The  parameter  a 
relaxes  the  size  restriction  on  the  magnitude  of  5m,  and  the  operator  C  is 
designed  to  restrict  the  magnitude  range  of  the  Green’s  function  and/or  the  size 
of  its  domain  of  integration. 

The  calculus-based  optimization  problem  for  determining  the  perturbation 
in  the  model  5m  from  changes  in  the  recorded  data  5d  relies  on  an  equation  such 
as  (5) 

5d*<|>-(t>j5(aCK)(|).  a  (aCF)5m.  (10) 

F  is  a  new  integral  operator  defined  by  the  product  of  the  Green’s  function  of  the 
original  homogeneous  equation  and  the  incident  wavefield.  The  right  hand  side 
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of  (10)  is  associated  with  the  linear  term  in  a  Taylor  expansion  of  the  data  with 
respect  to  changes  in  the  model.  Letdng  a  =  1  and  C  =  I,  the  operator  F  is 
exactly  the  Fiechet  derivadve. 

Nodng  that  (10)  is  similar  in  fcxm  to  (3),  a  soludon  can  be  obtained  for 
5m  with  an  iteradon  scheme  as  in  (4).  Letdng  the  piecondidoning  operator  for 
this  inverse  problem  be  the  adjoint  of  the  linear  operator  [a  C  F]  from  the 
forward  theory  (since  the  inverse  problem  is  not  symmetric),  and  setdng  5mo=0 
and  an  s  the  imaging  result  Smi  is 

5mj  =  p(aCF)  5d. 

With  a  =  1  and  C  « I  in  the  forward  problem,  3  s  1  in  the  inverse 
problem  and  F  real,  the  imaging  result  of  equadon  (1 1)  is  5mi  s  F  Sd.  For  this 
special  case,  the  imaging  result  corresponds  to  a  match  filter,  and  the  full 
inversion  becomes  a  linear  deconvoludon  of  a  known  source  wavelet,  when  the 
model  parameter  is  the  reflectivity  of  the  medium  (4).  Assuming  the  existence  of 
a  for  convergence  of  this  linear  inversion,  the  appropriate  scaling  factor  is 
equivalent  to  normalizing  by  the  zero  lag  term  of  the  source  autocotreladon  and 
by  the  time  window  length  of  the  data  trace  which  is  the  domain  of  F  in  this 
example. 

In  obtaining  analydc  results,  the  operator  C  of  (4)  is  often  taken  to  be  the 
identity  for  a  symmetric  problem  and  the  adjoint  of  L  for  the  nonsymmetric  case 
[1].  For  computational  purposes,  preconditioning  is  most  often  determined 
through  matrix  methods  [5].  The  preconditioning  operator  C  can  be  introduced 
based  on  the  particular  physics  and  geometry  of  the  given  problem  in  order  to 
introduce  asymptotic  forms  and  approximate  solutions  which  may  help 
convergence  of  the  forward  iterative  scheme.  The  inversion  result  (11)  then 
becomes  a  modified  gradient  soludon  [6]  where  the  operator  C  may  help  to 
accelerate  convergence  and/or  simplify  computations  in  determining  the  model 
perturbation.  Minimizing  a  weighted  combination  of  data  residual  and  solution 
size  yields 


(11) 
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(12) 


Soi,  .  eC„F*C^'  5d  . 

as  the  first  iteration  result  in  a  conjugate  gradient  least-squares  inversion 
algorithm  [6].  In  (12),  e  is  a  constant  related  to  P  dmes  a  in  (1 1),  and  Qn  and 
Q  are  the  least  squares  model  and  data  covariance  operators,  respectively.  The 
transpose  of  C  in  (1 1)  is  a  model  space  dependent  data  weighting  (^)erator, 
incorporating  a  priori  model  and  data  covariance  information  as  in  (12).  Single 
scattering  described  by  the  Bom  approximadon  can  completely  determine  the 
model  perturbadon  [7]  so  that  in  the  inverse  problem  the  transpose  oi  the 
precondidoning  operator  must  either  help  to  describe  the  medium  fully  and  use 
all  the  data  for  imaging,  or  it  must  become  a  model  smoothing  fiincdon  to 
suppress  the  nonlinearides  (muldple  scattering)  that  are  present  in  the  data  which 
will  corrupt  the  image. 

An  example  problem  starts  with  a  constant  velocity  background  medium 
described  by  wavenumber  ko,  and  a  change  of  variable  ^(x,y)aexp(ikoX)P(x,y) 
transforms  the  2-D  scalar  Helmholtz  equadon  into  the  paraxial 

equation  for  P.  Introducing  a  perturbadon  into  the  background  slowness  Ss^Ks- 
So),  where  caSosko  (for  monochromatic  wave  of  frequency  co)  gives  the  equadon 

Pyy  +  I  2a)SoPx  »  -2o)^So5sP  .  (13) 

With  the  exact  Green’s  function  for  the  paraxial  equadon  [2],  the  solution  to  (13) 
can  be  linearized 

<^-1  *  ^  =  J  dx'J  dy'  ic(x,y,ci),x',y’)  (i  o)  5s(x’.y')  )  ,  (14) 

where  the  term  [/  cd  Po  k  ]  is  the  Frechet  derivative  operator  kernel,  or  sensitivity 
function  for  this  problem.  After  a  simple  change  of  variables  which  translates 
the  source  to  (0,0)  and  rotates  the  coordinates  so  that  the  x’-axis  is  the  linear  ray 
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path  between  the  source  and  the  receiver  a  distance  X  away  from  the  source,  the 
function  k  for  this  problem  looks  like 


K(X,tD,x’.y’) 


(15) 


H  has  units  of  distance  and  is  given  by 


H 


(X-x')  X' 
XCOSo 


(16) 


The  linearization  given  by  (IS)  defines  the  Bom  approximation  kernel  for  the 
paraxial  wave  equation,  and  it  has  been  used  to  describe  acousdc  propagation  in 
a  cross-borehole  seismic  tomography  imaging  experiment  [8].  For  the  following 
analytic  results,  a  useful  definite  integral  is 


from  which  one  can  derive 

-  ^  (  J  e'“*  dx  )  =  J  x^  e'"*  dx  *  ^  a’^^  . 


(18) 


When  there  is  no  model  perturbation,  5s(x’,y’)=0  in  (14)  and  Pi=0,  implying  no 
scattered  component  in  the  wavefield  P.  With  a  constant  perturbation 
5s(x’,y’)=5so,  using  (17)  yields 

p  X  - 

“  =  f  dx'  f  dy'  K(X,a),x',y')  (  i  O)  Ss^  )  =  i  O)  5so  X  ,  (19) 

0  - 
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which  is  the  correct  phase  change  as  seen  from 

-  1  )  =  [  expo  0)8soX)  -  1  ]  =  <  ci>5s^  +  0(l5sol^)  .  (20) 

Letting  the  perturbation  be  linear  in  y’,  &(x’,y’)«ay’,  (14)  becomes 

P  r  r 

^  »  J  dx*  I  dy'  K(X,a).x’.y’)  (  ro)  ay'  )  =  0  .  (21) 

since  the  integration  over  y’  of  the  odd  linear  funcdon  gainst  the  even  Gaussian 
fimcdon  in  (15)  is  zero.  This  result  is  correct  for  X  small  compared  to  the  radius 
of  curvature  of  the  perturbed  ray.  which  is  consistent  with  the  assumpdons  made 
in  using  the  paraxial  wave  equation.  Using  (18),  (14)  can  be  evaluated  for  the 
harmonic  oscillator  problem  where  the  slowness  is  a  quadradc  in  y* 

^  .  j  dx’  J  dy’  K(X.o).x',y')  (  i  O)  .  (22) 

Equation  (22)  describes  the  correct  amplitude  focusing  (defocusing)  given  by  the 
geometrical  spreading  equadons  [9]  for  a  low  (high)  velocity  channel  in  which 
the  second  derivadve  of  the  slowness  is  negadve  (posidve). 

Using  (10)  to  define  the  operator  C  with  kernel  a  gives  a  new  funcdon  iq 
for  use  in  (14) 

K,(X.w.x'.y')  =  J  dx"  J  dy"  ic(X.a),x”.y")  a(x-.y"  I  x',y')  .  (23) 

The  funcdon  a  can  be  a  funcdon  of  frequency  and  sourceAeceiver  geometry  as 
well  as  that  of  tiw  scattering  points  within  the  medium.  Appropriate  fiincdons 
for  a  can  be  determined  under  the  constraint  that  the  ray  theoretical  results  of 
(19),  (21)  and  (22)  be  retained.  For  the  class  of  fiincdons  given  by 
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a(x'\y"  I  x’.y’)  =  5(x"-x‘)  ^  1  cxp(  ^  y"  -  / 1 ) 


(24) 


the  new  kemel  k,  is  exactly  like  in  (15)  except  F  replaces  H.  In  ordo-  to  retain 
the  ray-theoiedcal  results,  F  must  equal  H  itself  or  it  must  satisfy 


F 


(25) 


which  describe  near-source,  near-receiver  and  far-deld  x ’-dependence  in  the 
sensitivity  kemel,  respectively.  Using  the  far-field  kemel  derived  through  (23), 

(24)  and  the  third  term  in  (25),  the  square-root  singulaiides  at  the  source  and 
receiver  are  eliminated  so  that  the  convergence  criterion  in  (9)  is  easier  to 
achieve.  Another  class  of  funcdons  for  a  is 

<J(x"y  I  x',y')  .  5(x"-x')  yi  i  exp  [  -  (  ^ )’  -  f  f  ]  .  (26) 


where  F  is  as  deflned  for  (24).  Equadons  (24)  -  (26)  can  be  determined  with  the 
aid  of  the  two  useful  definite  integrals 


bx  )  dx 


(27) 


and 


J  exp(  -  -  bx^  )  dx  =  exp(  -2  /ab  )  .  (28) 

0  ^ 

The  new  kemel  obtained  using  (26)  in  (23)  with  (15)  is 
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(29) 


K,(X.Q).x',y’)  =  exp(-^)  exp[j  (i^-i)  ]  . 

Equation  (29)  describes  a  sensitivity  function  having  ray-peipendicuiar 
amplitude  variation  chat  scales  as  the  Fresnel  zone  size,  with  the  sensitivity 
damping  out  away  horn  the  classical  ray.  The  square-root  singularities  of  the 
sensitivity  function  defined  by  (29)  can  be  controlled  by  the  choice  of  F  as  with 
the  kernel  obtained  by  (24).  Also,  t)K  practical  numerical  integration  range  over 
y’  can  be  reduced  due  to  the  exponential  decay  term  (exp(-ly’l/F)},  so  that  the 
convergence  criterion  (9)  can  be  achieved. 

The  functions  defined  by  (24)  and  (26)  are  model  space  smoothing 
operaton  in  the  inversion  soludon  of  (1 1).  Using  (23)  and  interchanging  the 
order  of  integradons,  equadon  (14)  shows  the  true  sensidvity  function  given  by 
K  acting  on  a  smoothed  version  of  tlM  model  parameter 

X 

Ss(x",y")  *  I  dx’  J  dy’  a(x’*,y"  I  x’.y’)  5s(x',y’)  . 

0  — 

The  inverse  problem  is  transformed  into  one  of  recovering  the  smoothed  model 
parameter  defined  by  (30).  After  the  rotation  of  coordinates  to  get  equadon  (IS), 
the  three  sets  of  rectangular  coordinates  used  in  equations  (14)  and  (30)  are 
coincident,  and  (30)  gives  the  relationship  between  the  amplitude  of  the  model 
parameter  field  in  the  two  image-coordinate  systems.  Figure  1  shows  the  simple 
geometry  for  a  source  and  a  receiver  a  distance  of  .5  km  apart  The  examples  in 
Rgures  2  and  3  show  2-D  plots  of  smoothed  slowness  models  for  a  SOHz 
monochromatic  wave  and  a  background  velocity  of  2  km/sec  giving  a  Fresnel 
zone  scaling  halfway  between  the  source  and  receiver  of  about  0.1  km.  Starting 
from  an  initial  model  perturbation  of  a  constant  value  along  a  line  parallel  to  the 
ray  path  (x-axis)  in  (30),  the  function  (26)  gives  a  more  slowly  varying  model 
parameter  distribution  that  can  be  recovered  in  an  imaging  experiment 


(30) 
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Figure  2  with  Fs=H  and  Figure  3  with  F  the  far-field  term  of  (25)  are 
similar,  each  showing  new  scattering  amplitudes  spread  to  both  sides  of  the 
classical  ray.  incorporating  the  uncertainty  in  phase  accumuladon  reladve  to  the 
stationary  phase  path.  When  a  scatrering  point  is  along  the  ray  path  y’=y=0 
(Figures  2a  and  3a),  the  slowness  amplitudes  are  smeared  by  the  smoothed 
sensitivity  kernel  into  a  constant  valire  across  the  transverse  coordinate  given  by 
the  scaling  funcdon  F.  With  a  scattering  posidon  further  frtmi  the  ray  path 
(Figures  2  and  3,b^).  the  scanering  amplitudes  are  smeared  from  the  cniginal 
scattering  locadon  with  increasing  amplitude  away  from  the  ray  path.  Conect 
image  reconstnicdon  is  attainable  with  sufficient  ray  coverage,  where  stadonary 
points  construcdveiy  interfere  using  the  phase  accumuladon  of  the  sensidvity 
kernel  for  each  ray  path  reladve  to  the  true  scanerer  locadon.  In  the  case  of  poor 
ray  coverage,  smoothing  can  become  important  for  creadng  a  physically 
reasonable  image  [8].  Smooth  models  also  help  iterative  inversion  methods  to 
be  more  stable.  When  a  smoothed  image  is  desired,  defining  the  smoothing 
funcdon  through  the  precondidoning  operatcx-  in  the  forward  theory  may  be 
advantageous  in  allowing  for  approximate  solutions  to  direcdy  incorporate  a 
priori  information  into  the  inversion. 
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Figure  Captions 


Fig.  1.  Geometry  in  ray-centered  coordinates  for  2-D  slowness  model  around  a 
straight  ray  connecting  source  and  receiver  posidons.  Distances  in  km. 

Fig.  2.  Ray-centered  geometry  of  Figure  (1).  Slowness  models  given  by  the 
smoothing  funcdon  in  equation  (26)  with  F=H.  Original  slowness 
penurbanon  was  a  line  at  y  equal  to  (a)  0.00.  (b)  0.02,  (c)  0.05,  (d) 
0.08  km. 


Fig.  3.  Ray-centered  geometry  of  Figure  (1).  Slowness  models  given  by  the 

smoothing  funcdon  in  equadon  (26)  with  F  equal  to  the  far-field  scaling 
term  of  equadon  (25).  Original  slowness  perturbadon  was  a  line  at  y 
equal  to  (a)  0.00,  (b)  0.02,  (c)  0.05,  (d)  0.08  km. 
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Long  period  seismic  data  exhibit  coherent  phases  from  the  discontinuity  at 
660  km  depth  widiin  die  earth  (“the  660*0  and  these  data  suggest  duu 
topogn^y  of  the  boundary  CQirelates  with  regional  tectmiic  features  ^ ;  but  these 
data  are  limited  to  a  lateral  resdudon  of  more  than  1000  km.  The  analysis  of  the 
moveout  of  short  period  S-to-P  conversioas  at  the  660  (S66QP)  requires  that  the 
discontinuity  near  subducdon  zones  be  about  25-30  km  deeper  than  the  global 
average  however,  die  small-scale  lateral  variation  in  the  vicinity  of  the  slab  has 

yet  to  be  imaged.  A  model  for  the  660  winch  best  explains  the  coberem  scattering 
in  the  short  period  data  of  this  stady  is  one  in  which  die  discontinui^  is  due  to  an 
endothermic  phase  transition  in  mantle  minerals,  causing  a  localized  depression  of 
the  boundazy  within  die  cold  slab.  The  depession  is  measured  at  41  km,  indicating 
die  temperature  difference  between  the  mantle  and  the  slab  interior  is  820  K. 

The  660  discontinnity  is  primarily  due  to  the  phase  transidoo  of  y-olivine 
(spinel)  to  perovsidte  *  MgO  C*spinel  to  peiovskiiB  ttansidoa’*),  since  a  chemical 
boundary  in  this  region  would  be  fairly  invisible  to  seismic  data  and  would  not 
necessarily  be  assodaied  with  the  660  km  depth  ^  Recent  results  of  seismic  data 
analyses  are  consistent  with  dus  interpretation  244 ,  but  huve  yet  to  resolve  die 
lateral  variadon  (tf  the  boundary  in  the  vicinity  of  the  slab  which  would  give 
important  infbnnadon  about  the  temperature  structure  in  diis  region.  This  study 
examines  short  period,  vertical  component  records  from  North  America  for  deep 
earthquakes  south  of  Hji  Island.  The  data  sample  a  region  around  3(X}  km  about 
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the  slji)  in  the  direction  perpendicular  to  the  trench  (Fig.  1).  The  coda  of  the  first 
arrival  (P  wave)  can  be  associated  with  a  model  of  near-souice  structural  scattering, 
including  compressional  and  shear  energy  reflected  from  above  the  earthquake,  and 
shear  wave  energy  converted  to  comjnessional  energy  below  the  earthquake.  The 
different  moveout  of  each  phase  allows  the  analyses  to  be  distinct,  so  that  stacking 
for  one  type  of  scattered  phase  will  be  uncoinq)tBd  by  other  coherent  phases. 

Associating  the  P  wave  coda  with  shear  to  compressional  wave  (S  to  P) 
conversion  below  the  earthquake  (called  SdP,  where  ‘d*  is  the  depth  of 
conversion),  we  interpret  the  scattering  using  waveform  inverse  theory  With  a 
ooe*dimensional  linear  model ,  a  gradient  soludtm  to  the  inverse  problem  reduces  to 
plication  of  a  matched  filter  and  a  velocity  model  (PREM  ^^)  gives  the 
mapping  ficom  time  to  depdt  For  S  to  P  conversions,  the  time  after  P  at  which 
scattered  energy  arrives  is  given  by  an  integral  over  depth  of  the  difference  between 
the  S  wave  vertical  slowness  and  tiiat  of  the  P  wave.  Travel-time  differences 
relative  to  the  first  arrival  are  station  independent,  and  are  associated  with  strucmte 
relative  to  the  source  position.  This  defines  a  delay-time  analysis  such  that,  when 
the  data  ate  stacked,  the  coherent  near  source  phases  are  enhanced  over  any  ray  path 
and  near-receiver  scattering.  The  process  is  similar  to  a  slant-stack  however  the 

near-source  sampling  and  source-receiver  geometry  are  used  directly  to  create  an 
image  of  the  structure  in  dw  vicinity  of  the  slab.  Near-P  energy  related  to  individual 
source  characteristics  is  not  oAerent  when  stacking  records  from  different 
earthquakes,  so  that  misinterpreting  this  energy  as  due  to  upper  mantle  scattering  is 
minimized. 

Useful  data  records  are  those  for  which  we  were  able  to  pick  good  arrival 
times  fiar  the  P  wave  and  for  the  pP  phase  defined  by  the  sea-fioorieflection.  The 
^P-P)  travel  time  difference  gives  the  depth  for  each  earthquake  relative  to  PREM, 
and  this  serves  to  constrain  the  structure  analysis.  The  earthquake  sources  are  in 
general  down-dip  compressional  resulting  in  both  shear  and  compressional 
energy  in  the  azimuth  to  North  America.  Waveforms  from  a  variety  of  deep 
earthquakes  in  the  Tonga  subdnctum  zone  have  been  successfully  described  by  a 
single  simple  source  time  wavelet  and  czoss-conelating  a  nunimum  phase 
source  wavelet  estimate  for  each  cmresponding  oace  of  this  study  makes  the  dacT 
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records  close  to  zero  phase.  Stacking  the  data  with  this  minimum  phase  assumpdon 
is  justified  since  introducing  random  rotadon  into  each  record  before  stack  shows 
the  results  are  unaffected  until  the  randtm  phase  gets  as  large  as  90  degrees.  The 
total  energy  of  each  record  is  used  to  namalize  that  record’s  amplimde  reladve  to 
those  of  other  earthquakes.  With  die  amplitude  and  phase  normalized,  all  the 
records  can  be  stacked  together.  The  choice  of  background  velocity  model  does  not 
affect  the  inverse  problem,  since  most  velocity  models  agree  to  within  2%.  and  the 
analysis  desoibed  here  is  insensidve  to  this  amount  of  penurbadon. 

Figure  2a  displays  a  record  section  of  the  1-D  depth-mapped  data,  with 
respea  to  earthquake  depth.  Limited  stacking  of  data  is  required  to  reduce  die  noise 
and  enhance  any  «gnal,  and  each  veidcal  trace  in  Figure  2a  is  the  sum  of  8  nearest 
neighbor  data  traces,  with  the  single  trace  stack  of  all  the  data  on  the  right  Figure 
2b  is  a  section  where  each  vertical  trace  is  a  stack  including  two  more  data  records 
than  the  trace  to  its  left,  with  the  single  trace  stack  all  the  data  on  die  ftff  right 
The  clearest  stacking  result  comes  ftom  S  to  P  conversion  at  67S  km  below  the  sea 
fioor,  and  is  consistent  with  other  observations  in  this  region  ,  reladve  to 
PRJEM.  The  amplitude  of  die  event  in  the  one-dimensionai  stack  (Fig.  2)  gives  an 
estimate  of  the  S66QP  transmission  coefBcient  of  about  3%  reladve  to  incident  S 
wave  energy,  winch  is  consistent  with  PREM  for  the  angles  of  incidence  of  the  data 
set,  and  is  only  about  1%  hi^ier  than  far  an  earth  model  with  slighdy  smaller 
contrasts  in  P  and  S  wave  velocities  and  density  than  with  PREM  Another  feature 
at  around  715  km  shows  up  in  the  data  stacking  section  of  Rgure  2b,  and  may  be 
dne  to  conversion  at  a  deeper  interface,  although  petrological  data  does  not  support 
this.  An  alternate  inteiptetation  is  that  the  scattering  at  715  km  is  due  to  the  spinel 
to  perovsldte  ttansitian  depressed  within  the  slab  The  phase  transition  has  a 
negative  Qapeyion  slope  which  describes  the  differential  change  in  pressure  with 
respect  to  a  change  in  temperatnre,  moving  the  phase  boundary  to  greater  depth 
within  the  cdd  slab  relative  to  the  surrounding  mantle.  The  band-limited  seismic 
data  of  tins  stucfy  illnminaig  the  interface  with  first  Fresnel  zone  widths  between  30 
andtiOkm.  When  the  660  is  perturbed,  tiiere  may  be  more  than  one  stationary 
point  giving  rise  to  coherent  scattering. 

The  model  parameten  of  slab  width  and  change  of  depth  withiirthe  slab  are 
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introduced  to  describe  the  perturbed  interface  of  the  660,  and  the  data  are  inverted 
by  iterative  forward  modeling  using  Fiesnel>Kirchho£f  difiracdon  theory  (Fig.  3)  to 
model  the  phase  vatiadon  in  the  stacked  data.  The  third  dimension  is  suppressed, 
assuming  high  correlation  in  the  along-trench  direction.  The  simple  model  of  the 
interior  of  the  slab  is  a  first  approximadtm,  matching  the  expected  variation  at  the 
leading  edge  of  the  slab  where  the  temperature  change  is  most  dramadc,  although 
the  temperature  structure  of  the  under  side  of  the  slab  would  be  mote  gradual  (Fig. 
1).  The  wavelength  resoludon  in  depth  is  evident  fiom  the  del-Z  variation  in  Figure 
3,  but  there  is  a  well  resolved  peak  at  41  km.  The  slab  width  parameter  is  more 
poorly  defined  than  the  change  in  depth.  This  is  due  in  part  to  the  imperfect 
reptesentadon  of  the  phase  boundary  reladve  to  the  temperature  structure  (Fig.  1), 
and  is  sensitive  to  the  absolute  an^litudes  of  the  data  and  the  synthetics.  The  result 
is  a  broad  variation  in  slab,  approaching  a  constant  value  at  a  width  of  0.0  km  (no 
perturbation)  and  with  a  maximum  at  SO  km. 

In  Figure  4  are  images  created  using  the  source-receiver  geometry  to  bin  and 
stack  the  data  into  a  trench-perpendicular  image  plane.  Comparing  the  1-D  and  2-D 
imaging  results  for  the  data  (Fig.  4a)  and  the  synthetics  (Fig.  4b)  created  for  the 
preferred  model  of  the  660,  with  a  50  km  wide  slab  (in  the  direction  transverse  to 
the  trench  axis)  and  a  41  km  depressitxi  of  the  boundary  within  the  slab,  shows  that 
diffiaction  theory  describes  the  qualitative  features  of  amplitude  and  phase  variation 
seen  in  both  die  1-D  and  2-D  data  results  (Hg.  4a),  and  is  superior  to  a  two- 
interface  model  (Hg.  4(0.  The  difGracticms  imaged  with  the  synthetics  coincide 
widi  the  bright  features  in  the  data  image,  displaced  firom  the  model  due  to  the 
experimental  geometry  (Hg.  4c). 

A  measurement  of  die  depression  in  the  660  gives  a  direct  indication  of  the 
temperature  dij^aence  between  the  cold  slab  and  the  surrounding  mantle.  The 
increase  in  pressure  with  change  in  depth  gives  the  Qapeyron  slope  in  terms  of  the 
ratio  of  depth  change  to  temperature  change.  A  preferred  value  for  the  Qapeyron 
slope  is  -2.0  MPa/K  (ref.  15).  Taking  the  acceleration  of  gravity  to  be  10  m/s^, 
estimating  the  density  at  4000  kgfei^,  and  using  the  measurement  of  the  change  in 
depth  of  Sz  a  41  fixxn  this  study,  the  temperature  difference  between  the  slab  and 
the  mande  is  calculated  m  be  -S20  K.  When  the  spinel  to  perovsldte  phase 
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transition  is  introduced  into  a  realisdc  mantle  model  with  this  temperature  contrast, 
whole  mantle  convection  patterns  can  be  disrupted  by  the  phase  transition  resulting 
in  intermittent  mixing  between  the  upper  and  lower  mande  Recent  tomographic 
results  are  consistent  with  this,  finding  evidence  for  slab  penetration  into  the  lower 
mantle  in  some  places  and  slab  deflection  in  others 
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Figure  Captions 


FIG  1:  The  data  of  this  study  consists  of  129  North  American  Global 
Digital  Seismogzaph  Network  zecoids  fixxn  46  events  South  (tf  Fiji  Island  with 
body-wave  magnitude  greater  than  or  equal  to  5  The  azimuth  to  the  Noth 
American  receivers  is  a  few  degrees  East  of  the  trench  axis.  The  crosses  show  the 
points  at  675  km  depth  sarrqrkd  by  the  data  set  with  reject  to  the  geometry  of  the 
trench  and  subducdon  mac.  Inset  shows  the  leading  edge  of  the  slab  at  675  km 
depth,  with  the  trace  of  the  ejqwcted  phase  transition  boundary  and  the  model  for 
the  boondaty  used  in  dus  study.  Data  and  synthetics  ate  used  to  create  an  image  of 
structure  perpendicttlar  to  dm  trench  axis. 


FIG  2:  Data  are  low-pass  filtered  at  .8  Hz,  and  the  amplitude  and  phase  are 
equalized,  (a)  Data  record  sectum  after  applying  the  SdPmoveout  analysis  plotted 
relative  to  the  depth  d  the  earthquake,  with  each  vertical  trace  the  sum  of  8  data 
records.  Associating  the  first  arrival  with  the  source  depth,  the  energy  after  the  first 
arrival  is  mapped  to  scattering  ftom  posidons  below  the  earthquake.  Zero  depth  in 
the  image  is  defined  to  be  associated  with  the  sea  floor  refiection,  at  3  km  depth  in 
PREM.  The  impulsive,  high  amplinide  P  arrival  is  suppressed  with  a  120  km 
cosine  tqrer  (about  15  seconds  in  time)  on  the  depth-mapped  data  records  before 
stack.  The  single  trace  stack  ofall  the  data  is  tm  the  right  (b)  Rnxn  left  to  right, 
each  vertical  trace  has  two  more  data  records  stacked  together  than  the  previous 
trace,  up  to  the  single  tcace  stack  of  all  the  data  at  the  &r  right.  The  S675P  phase  is 
seen  well  in  both  the  one-dimensional  <«Qck  and  the  grey-scale  plot  of  the  depth- 
mapped  data.  In  the  record  secdon,  there  is  another  structural  femure  at  around  715 
km  depth  interpreted  as  adifftacdon  fttxn  the  spinel  to  perovsldte  transidon  widun 
the  slab. 
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FIG  3:  Objective  functions  for  the  model  space  defined  by  slab  width  and 
depth  of  interface  (del-Z)  within  the  slab  leladve  to  the  675  km  depth  in  the 
suzrounding  mantle,  (a)  Coireladon  coefficient  (b)  Eiior  energy.  Fresnel- 
Kirchhoff  diffraction  theory  and  a  zero  phase  modeling  wavelet  are  used  to  create 
noise-fiee  synthetic  seismograms  for  a  single  interface  that  is  depressed  within  the 
slab,  assuming  high  coneladon  in  the  along-trench  direction.  Synthetics  were 
calculated  for  121  models,  varying  the  slab  width  from  0.0  km  (no  slab  expression) 
to  100  kzn,  and  the  depression  of  the  675  km  seismic  boundary  within  the  slab 
between  30  and  60  km.  The  correlation  coefficient  statistic  in  (a)  shows  the  energy 
that  is  in  phase  between  the  data  and  the  synthetic.  The  normalized  squared-error 
(total  error  energy)  objective  function  in  (b)  is  defined  so  that  low  error  shows  up 
darkest  The  resolution  of  the  slab  width  parameter  given  by  ±e  cotielation  statistic 
is  a  bit  less  sensitive  to  the  absolute  amplitudes.  The  best  model  is  described  by  a 
50  km  wide  slab  with  a  41  km  depression  of  the  phase  boundary  within  the  slab. 


FIG  4:  (a)  2-D  structural  imaging  of  data  in  Fig.  2.  The  source-receiver 
geometry  is  used  to  bin  and  stack  subsets  of  the  individual  depth  records  into  the 
two-dimensional  image  perpendicular  to  the  trench  axis,  with  a  horizontal 
cootdinaiB  in  East  longimde  and  depth  in  km.  Neatest  neighbor  horizontal 
averaging  is  applied  to  get  the  final  2-D  image,  and  the  single  trace  stack  is  on  the 
tight  The  S675P  phase  is  imaged  well  in  both  the  one  and  two-dimensional  plots. 
In  the  2-D  image,  there  is  anotter  structural  feature  at  around  715  km  depth 
interpreted  as  a  diffraction  from  the  spinel  to  perovsldte  transition  within  the  slab, 
(b)  frna^g  results  for  the  synthetics  created  for  the  best  fitting  model  from  Figure 
3,  with  a  slab  width  of  50  km  and  del-Z  equal  to  41  km.  (c)  The  trace  of  the  best 
model  where  it  intersects  the  image  plane,  plotted  with  the  data  image,  (d)  Imaging 
results  for  synthetics  from  a  two-inmrface  model  A  zero  phase  modeling  wavelet 
was  used  to  calailaie  ray-tbeory  synthetics  created  to  model  the  amplitude  and 
phase  variation  of  the  data  records  in  order  to  reproduce  the  strong  features  of  the 
actual  stacked  data  image  in  the  vicinity  of  the  660  km  discontinuity.  The  one 
(perturbed)  interface  model  is  superior  to  the  two  interface  model 
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This  final  report  of  Works  on  Tropical  Cyclone  Development  and  Works  on  Climate 
Change  by  Mark  David  Handel  as  a  SCEEE  Geophysics  Scholar  is  divided  into  four  parts. 
It  covers  the  period  1  June  1991  to  29  May  1992. 

Part  I.  Tropical  Cyclone  Intensification: 

Ekman  Pumping  and  the  Formation  of  an  Eye. 

The  single  paper  in  this  part  of  the  report  was  also  submitted  to  the  Journal  of  the 
Atmospheric  Sciences  under  the  title  “IVopical  cyclone  intensification.  Part  III;  Ekman 
pumping  and  the  formation  of  an  eye”.  The  work  going  into  this  report  was  done  almost 
entirely  during  the  period  of  the  contract. 

Part  II.  On  the  Energetics  of  Asymmetric  IVopical  Cyclone  Outfiows. 

An  abstract  based  on  this  work  was  published  as  “On  the  asynunetry  of  tropical 
cyclone  outfiows”  in  EOS,  Transactions  of  the  American  Geophysical  Union  73  (14, 
Spring  Meeting  supplement),  p.  73  (1992);  and  a  talk  was  given  at  the  1992  Spring 
Meeting  of  the  American  Geophysical  Union.  An  earlier  talk  on  this  topic  was  given  at 
the  Satellite  Meteorology  Branch  of  Phillips  Laboratory.  The  work  going  into  this  report 
was  done  almost  entirely  during  the  period  of  the  contract. 

Part  III.  Other  TVopical  Cyclone  Papers. 

The  two  papers  in  this  part  of  the  report  were  submitted  to  the  Journal  of  the  At¬ 
mospheric  Sciences  under  the  titles  “IVopical  cyclone  intensification.  Part  I:  Impediment 
to  linear  growth”  and  “Tri>pical  cyclone  intensification.  Part  II:  Growth  from  finite  am¬ 
plitude  disturbances”.  An  extended  abstract  based  on  this  work  was  published  as  “Sub- 
critical  tropical  cyclone  intensification”  in  the  preprint  volume  of  the  8th  Conference  on 
Atmospheric  and  eanic  Waves  and  Stability,  American  Meteorological  Society,  Boston, 
Massachusetts,  pp.  315-319  (1991);  and  a  talk  was  given  at  that  conference.  The  work 
going  into  this  report  was  done  largely  prior  to  the  period  of  the  contract,  though  the 
papers  were  written  during  the  period  of  the  contract. 

Part  IV.  Climate  Change  Papers. 

The  first  paper  in  this  Part  will  be  published  as  “Reflections  on  more  than  a  century 
of  climate  change  research  in  Climatic  Change  21,  ;jp.  91-96  (1992),  authored  by  Mark 
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David  Handel  and  James  S.  Risbey  (of  the  Massachusetts  Institute  of  Technology).  It 
was  the  result  of  Dr.  Handel  serving  as  guest  editor  of  an  issue  of  Climatic  Change.  The 
piece  was  written  entirely  during  the  period  covered  by  the  contract. 

The  second  paper  in  this  Part  will  be  published  in  slightly  amended  form  as 
annotated  bibliography  on  the  greeenhouse  effect  and  climate  change”  in  Climatic  Change 
21,  pp.  97-255  (1992),  authored  by  Mark  David  Handel  and  James  S.  Risbey  (of  the 
Massachusetts  Insitute  of  Technology).  The  pi4>er  was  significantly  expanded  during  the 
period  covered  by  the  contract  firom  work  performed  earlier. 

The  last  two  papers  in  this  Part  were  published  as  '‘Do  we  know  what  difference 
a  delay  makes?”  in  EOS,  Transactions  of  the  American  Geophysical  Union  72  (53), 
pp.  596-597  (1991);  and  “Should  we  delay  responses  to’ the  greenhouse  issue?”  in  EOS, 
Transactions  of  the  American  Geophysical  Union  72  (53),  pp.  593  (1991).  Both  papers 
were  authored  James  S.  Risbey,  Mark  David  Handel,  and  Peter  H.  Stone  (both  Risbey 
and  Stone  of  the  Massachusetts  Institute  of  Technology)  and  were  part  of  an  exchange 
with  Michael  E.  Schlesinger  and  Xingjian  Jiang  (included  for  completeness).  The  first  of 
the  papers  was  prepared  prior  to  the  period  covered  by  the  contract  and  revised  during 
the  period  of  the  contract.  The  second  paper  was  prepared  during  the  period  covered  by 
the  contract. 
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ABSTRACT 


An  open,  cloud-firee,  low  wind,  region,  known  as  an  eye,  usually  forms  in  the 
center  of  intense  tropical  cyclones.  This  region  is  surrounded  by  an  annular  eyewall, 
containing  a  storm’s  strongest  winds  and  moat  intense  convection.  This  note  expands 
on  earlier  suggestions  that  the  formation  of  the  eyewall,  and  hence  also  the  eye,  is 
largely  controlled  by  surface  friction.  CISK  (Conditional  Instability  of  the  Second 
Kind)  dynamics  are  assumed,  so  deep  convection  is  assumed  to  be  initiated  by  Ekman 
pumping.  Simple  theoretical  examination  are  made  of  Ekman  pumping  with  different 
stress  laws.  Changes  in  intensity  are  shown  to  result  in  changes  in  the  radial  profile  of 
Ekman  pumping,  such  that  weak  disturbances  have  strong  central  convection,  while 
in  more  intense  disturbances  the  convection  forms  a  ring. 


When  that  Cloud  begins  to  move  apace,  you  may  expect  the  wind  pre/ently. 
It  comes  on  fierce,  and  blows  very  violent  at  N.E.  12  hours  more  or  le/s. 
It  is  also  commonly  accompanied  with  terrible  claps  of  Thtmd«r,  large  and 
frequent  fia/hes  of  Lightning,  and  exce//ife  hard  rain.  When  the  wind 
be^ns  to  abate  it  dies  away  suddenly,  and  falling  fiat  calm,  it  continues 
so  an  hour,  more  or  le/s:  then  the  wind  comes  about  to  the  S.W.  and  it 
blofws  and  rains  as  fierce  from  thence,  as  it  did  before  at  N.E.  and  as  long. 
(Dampier  1699) 


1.  Introduction 

A  cloud-free,  nearly  calm,  central  eye  is  one  of  the  more  dramatic  features  of  a 
tropical  cyclone.  The  eye  is  closely  surrounded  by  the  most  intense  convection  and 
strongest  winds  of  the  storm  in  an  annular  region  known  as  the  eyewall.  Similar 
structures  are  also  observed  in  intense  nearly  axisymmetric  storms  of  the  middle 
and  upper  latitudes  (Gyakum  1983,  Rasmussen  1979).  Opyama  (1969)  was  perhaps 
the  first  to  attribute  the  development  of  an  eyewall,  and  its  accompanying  eye,  to 
the  radial  profile  of  frictionally  forced  vertical  velocity  out  of  the  boundary  layer. 
He  reached  this  conclusion  while  interp^ting  results  from  his  numerical  model.  We 
briefiy  examine  why  weak  vortices  tend  to  have  maximum  convection  located  near  a 
central  vorticity  maximum,  while  stronger  ones  develop  an  eyewall. 

Inherent  throughout  this  analysis  is  the  assumption  that  CISK  (Conditional  In¬ 
stability  of  the  Second  Kind)  processes  are  at  work,  with  deep  cumulus  convection 
initiated  in  regions  of  positive  Ekman  pumping.  With  this  underlying  assumption, 
we  will  examine  spatial  profiles  of  Ekman  pumping  for  different  drag  laws  and  sym¬ 
metries.  Differences  in  these  profiles  will  then  be  applied  to  an  analysis  of  tropical 
cyclone  development.  A  brief  discussion  of  some  considerations  in  choosing  a  surface 
stress  parameterizations  is  also  included. 
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1.1.  Explanations  of  Eye  Formation 

A  review  of  theories  of  eye  formation  can  be  found  in  Anthes  1982.  There  are  two 
somewhat  separate  issues  in  the  formation  of  an  eye.  One  is  why  no  convection  orig- 
‘mates  in  the  center  of  a  mature  tropical  cyclone.  The  second  is  why  there  is  descent 
in  the  upper  levels  of  cyclone  near  the  central  axis.  These  are  not  totally  unrelated, 
since  descent  and  wanning  in  the  center  will  eventually  stabilize  the  column  and 
inhibit  vertical  convection. 

Several  works  on  eye  formation  and  maintenance  have  concentrated  on  explain' 
ing  the  descent  of  high  entropy  dry  air  into  the  eye.  Older  works  (e.g.  Byers  1944) 
made  attempts  to  attribute  the  descent  to  centrifugal  forces  flinging  air  from  the 
central  core,  requiring  air  from  aloft  to  replace  it.  Malkus  (1958)  suggested  that 
descent  in  the  upper  part  of  the  eye  was  driven  the  disequilibrium  of  supergradi¬ 
ent  winds  (winds  greater  than  those  that  maintain  a  balance  between  the  pressure 
gradient  with  the  Coriolis  and  centrifugal  forces)  and  momentum  mixing.  A  closely 
related  argument  for  descent  driven  by  momentum  mixing  was  made  independently 
by  Kuo  (1959). 

Though  Palmen  (1948)  attributed  the  high  eye  temperatures  to  ‘*the  tendency  to 
establish  a  combined  hydrostatic  and  geostrophic-cyclostrophic  balance” ,  W’!ioughby 
(1979)  was  the  first  to  note  that  the  descent  aloft  could  purely  be  an  adjustment 
response  to  the  radial  gradients  of  the  heating  profile  and  that  momentum  diffusion 
was  not  necessary.  More  detailed  discussions  of  similar  processes  were  provided  by 
Smith  (1980).  Though  they  did  not  concentrate  on  eye  formation,  Schubert  et  al. 
(1980)  noted  that  forcing  of  a  cyclone  through  the  vorticity  field  by  cloud  clusters 
was  more  eflicient  than  forcing  by  direct  heating.  Geostrophic  adjustment  to  the 
velocity  field  of  a  vortex  then  requires  descent  in  the  center.  The  sinking  of  high 
entropy  dry  air  is  also  evident  in  numerical  models  (e.g.  Kurihara  and  Bender  1982). 
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The  heating  of  ascending  parcels  cannot  provide  a  temperature  perturbation  as 
large  as  is  observed  in  the  upper  troposphere  during  intense  tropical  cyclones  (about 
15  K  according  to  Hawkins  and  Rubsam  1968).  Further,  the  accompanying  surface 
pressure  perturbation  is  too  large  to  be  created  ascent  of  parcels  of  the  greatest 
available  entropy  from  the  surface,  even  after  saturation.  However,  descent  of  high 
entropy  air  from  above  is  consistent  with  sounding  observations  (Franklin  et  al.  1988) 
and  weak  descent  has  also  been  observed  directly  (Jorgensen  1984).  If  a  cyclone  is 
close  to  neutral  for  slantwise  convection,  as  suggested  by  Emanuel  (1986),  there 
would  be  descent  aloft  between  parcel  paths  originating  near  the  cyclone  center  at 
the  surface  and  slanting  outwards.  So  though  sinking  air  in  the  upper  troposphere, 
and  its  accompanying  stabilization  of  the  column,  must  be  an  integral  part  of  the  eye 
formation  process,  it  cannot  explain  the  central  region  of  very  warm  moist  surface 
air  where  no  convection  originates. 

Other  works  have  concentrated  on  the  locations  of  regions  of  ascent  in  the  bound¬ 
ary  layer  creating  the  eyewall.  Sydno  (1951),  Abdullah  (1953),  and  Kuo  (1959)  all 
presented  arguments  that  parcels  originating  far  from  the  central  axis  could  only 
reach  some  minimum  radius,  and  then  must  head  upwards.  These  arguments,  to 
first  approximation,  assumed  conservation  of  angular  momentum,  noted  that  the  ki¬ 
netic  energy  of  a  parcel  conserving  angular  momentum  had  to  continually  increase 
as  the  radius  of  the  parcel  decreased,  and  used  some  limit  on  the  energy  or  pressure 
gradient  to  then  provide  a  minimum  radius  a  parcel  could  reach.  These  works  ignored 
the  fact  that  boundary  layer  inflow,  especially  at  steady  state,  is  largely  driven  by 
momentum  dissipation,  so  anugular  momentum  is  significantly  not  conserved  within 
the  boundary  layer.  So,  though  these  works  attempted  to  address  the  cause  for  the 
annular  region  of  ascent  to  be  at  some  distance  from  the  center,  they  ignored  the 
primary  reason  for  the  existence  of  any  boundary  layer  inflow. 

As  already  noted,  Ooyama  (1969)  suggested  that  the  radial  profile  of  Ekman 
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pumping  caused  the  formation  of  an  eyewall.  In  an  analytic  study  of  Ekman  layers 
with  different  types  of  boundary  conditions,  Eliassen  (1971)  showed  that  in  a  vortex 
with  Taylor’s  slip  condition  for  a  turbulent  boundary  layer,  the  forced  vertical  >«locity 
at  the  center  vanished  and  the  maximum  positive  pumping  was  found  in  a  ring  away 
from  the  center  axis.  These  results  were  extended  the  numerical  calculations 
of  Eliassen  and  Lystad  (1977).  In  contrast,  for  a  vortex  in  a  viscous  fluid  with 
a  no-slip  condition  the  Ekman  pumping  approaches  a  constant  at  the  center  axis 
(Greenspan  and  Howard  1963).  With  these  analytic  results,  Eliassen  suggested  that 
the  suppression  of  ascending  motions  near  the  axis  of  a  vortex  with  a  turbulent 
Ekman  layer  might  control  the  location  of  convection  and  lead  to  the  creation  of 
a  tropical  cyclone  eye.  Though  Eliassen  did  not  go  on  to  suggest  that  solutions 
that  approach  constant  Ekman  pumping  in  the  center  might  be  relevant  to  weak 
disturbances,  which  have  not  yet  developed  an  eye,  we  will  make  such  a  connection 
here.  The  numerical  simulations  of  Yamasaki  (1977)  showed  the  necessity  of  surface 
friction  for  the  development  of  an  eye.  Yamasaki  also  suggested  that  surface  friction 
is  unimportant  in  the  early  development  of  a  tropical  cyclone,  though  perhaps  this 
is  because  his  model  was  axisymmetric  and  included  only  a  quadratic  drag  law. 

2.  Profiles  of  Ekman  Pumping 

The  model  used  here  is  the  same  as  that  originally  developed  by  Ooyama  (1969)  and 
presented  in  Part  I  (Handel  1991a),  appropriate  for  examining  a  simplified  tropical 
cyclone.  It  is  set  in  cylindrical  coordinates  (r,  z),  where  r  and  z  are  the  radius  and 
height.  The  disturbance  is  centered  and  fixed  on  the  origin  of  the  coordinate  system. 
All  fields  are  assumed  to  be  axisymmetric.  The  coordinate  system  is  rotating  and  the 
Coriolis  parameter,  /,  is  constant.  The  cyclonic  tangential,  or  azimuthal,  velocity 
is  labeled  vq  and  the  outward  radial  velocity  is  uq.  The  continuity  equation  for  the 
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constant  density,  Po,  boundary  layer  of  thickness  ho  is 


dhp  _ 
dt  rdr 


(2.1) 


where  w  is  the  vertical  velocity  at  the  top  of  the  boundary  layer  and  V'o  »  -houor 
is  the  inward  mass  flux.  The  equation  for  the  vertical  component  of  the  angular 
momentum,  ilib  s  vt)r  +  /r*/2,  is 

l(AoAf,)  ;|p(VoM))  -  Al  +  A  .  (2-2) 


where  is  the  vertical  flux  of  angular  momentum  at  the  surface  and  Zoi  is  the 
vertical  flux  of  angular  momentum  between  the  boundary  layer  and  the  layer  above 
it.  In  the  boimdary  layer,  the  lateral  momentum  diffusion  is  assumed  to  be  much 
smaller  than  the  vertical  fluxes  and  is  ignored.  The  vertical  flux  at  the  surface  is 


Z,  s  -T,r/po  ,  T,spo  +  Co(«o  +  ,  (2.3) 


where  r,  is  the  surface  stress,  ib,  is  a  linear  drag  coeflScient  with  velocity  units,  and 
Co  is  a  dimensionless  quadratic  drag  coeflBicient.  The  choice  of  the  stress  law  will  be 
discussed  in  more  detail  below.  The  vertical  momentum  flux  betwen  the  boundary 
layer  and  the  layer  above  it  is 


Zoi  =  Mow'*’  —  Miw~  +  j/(Mo  -  Ml) , 


(2.4) 


where  w  ^  W*"  —  w~,  w*  is  the  nonnegative  vertical  velocity  out  of  the  boundary 
layer,  w~  is  the  nonnegative  vertical  velocity  into  the  boundary  layer  from  the  layer 
above  it  with  angular  momentum  Mi,  and  u  is  s  vertical  friction  coefficient.  We 
will  assume  that  the  only  processes  leading  to  vertical  velocities  at  the  top  of  the 
boundary  layer  are  Ekman  pumping  and  suction  (pumping  with  w  <  0),  so  only  one 
of  w'*'  and  w~  are  nonzero  at  any  given  radius. 
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With  some  maoipulation  of  equations  (2.1)  and  (2.2): 


+  +  C’o(«^  +  -f  (w~  -f  i/)(vi  -  vq) 


/  +  ? 


(2.5) 


As  was  shown  in  Part  I,  if  the  densities  of  the  boundary  layer  and  the  layer  above 
it  axe  the  same,  the  angular  momenta  of  these  layers  axe  the  same  and  the  terms 
proportional  to  (vi  —  tin)  vanish.  Even  without  that  assumption,  the  vertical  diffusion 
of  angular  momenttun  above  the  boundary  layer  will  be  assumed  small  and  ignored, 
and  further  we  will  be  primarily  examining  the  regions  of  the  boundary  layer  with 
positive  Ekman  pumping  where  w~  —  0.  If  the  relative  vorticity  is  negative,  its 
magnitude  is  assumed  smaller  than  the  Coriolis  parameter,  so  the  total  vorticity, 
/  +  is  positive  everywhere.  The  scaling  of  the  system  is  quite  different  in  a 
region  with  vanishingly  small  total  vorticity  and  will  not  be  considered  here.  Further, 
negative  total  vorticity  leads  to  inertial  instability  and  is  not  likely  to  last  long  in  an 
azimuthal  average. 

We  will  also  assume,  as  is  the  case  in  a  tropical  cyclone,  that  >  uq.  This 
allows  (t^  +  Vq)^^^  to  be  replaced  by  |vol  leads  to  a  simple  quadratic  stress 
law.  However,  if  in  the  early  stages  of  development  there  axe  turbulent  horizontal 
velocities  in  the  boundary  layer  greater  than,  or  of  order  of,  the  organized  azimuthal 
flow,  this  will  have  the  same  effect  as  having  a  linear  term  in  the  stress.  This  assumes 
that  there  is  some  isotropic  turbulence  with  (u§  +  v§)  approximately  constant.  The 
linear  stress  term  is  a  return  to  simple  eddy  viscosity  theory  and  has  already  been 
included  under  this  reasoning. 

In  calculating  the  vertical  veloci^  at  the  top  of  the  boundary  layer,  without 
allowing  changes  in  the  vertical  thermodynamic  structure,  there  is  little  difference 
between  velocity  out  of  the  layer  or  an  increase  of  the  thickness  of  the  layer.  There¬ 
fore  we  will  ignore  the  time  derivate  of  the  thickness  in  the  continuity  equation 
when  calculating  the  Ekman  pumping.  Combining  the  equation  for  continuity  in  the 
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boundary  layer  (2.1),  with  a  radial  derivative  of  the  equation  for  the  lateral  mass 
flux  (2.5)  yields  an  expression  for  the  vertical  pumping  out  of  the  boundary  layer: 

d  k,rvo  +  Cor  |«o|  Vb  +  ho 

The  terms  due  to  friction  (those  proportional  to  k,  or  Cp)  are  the  Ekman  pumping, 
though  occasionally  pumping  from  the  time  dependent  term  is  included  under  this 
rubric.  During  periods  of  exponential  intensification,  proportional  to  e"^*,  the  time 
derivative  term  has  the  same  spatial  dependence  as  the  linear  drag  term.  For  a 
boundary  layer  a  kilometer  deep,  a  disturbance  would  need  to  have  an  e-folding  time 
of  about  a  day  for  the  time  dependent  term  to  be  comparable  to  the  linear  drag 
term.  Since  ocamination  of  the  linear  term  provides  the  same  information,  this  term 
will  not  be  considered  further. 


If  we  Taylor  expand  eq.  (2.6)  with  an  amplitude  expansion  in  t\)  as  was  used 
in  Part  11  (Handel  1991b),  and  is  likely  to  be  used  in  any  similar  weakly  nonlinear 
analysis,  the  first  two  terms  are 


(!)  —  h,  drvQ 
~~  f  rdr 


For  the  lowest  order  stationary  solutions,  which  are  linear,  the  stress  is  then  linearly 
proportional  to  the  tangential  velocity,  and  the  Ekman  pumping  is  proportional  to 
the  vorticity.  This  familiar  result  was  first  obtained  by  Chamey  and  Eliassen  (1949). 


We  vrill  now  examine  radial  profiles  for  the  Ekman  pumping  of  a  vortex  that  fits 
the  solutions  found  in  Part  I.  The  vortex  solution  is  for  a  sjrstem  with  lateral  viscosity 
that  approaches  solid  body  rotation  at  the  central  axis.  Curves  for  the  tangential 
velocity  of  the  isolated  vortex  and  the  expansions  for  the  Ekman  pumping  given  in 
eqs.  (2.7)  and  (2.8),  are  shown  in  figure  1.  The  solutions  are  nondimensionalized  as 
in  Part  II,  with  a  length  scale  of  L  =  158  km,  a  time  scale  of  1//  =  2  ■  10^  sec,  and 
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a  velocity  scale  of  Lf  *  7.9  m/sec,  while  Co  s  1  •  10"*  and  »  Co  ■  5  m/sec.  The 
test  disturbance  has  unit  amplitude,  i.e.  a  maximum  velocity  of  7.9  m/sec. 

The  solution  for  has  maximum  Ekman  pumping  in  the  center  accompan)ring 
the  vorticity  maximum.  The  second  order  terms  for  pumping  out  of  the  boundary 
layer,  result  in  a  radial  profile  with  a  maximum  away  from  the  center  and 
negative  values  at  the  center.  The  spatial  forms  of  each  of  these  profiles  are  not 
dependent  of  the  disttirbance  amplitude.  Despite  the  negative  values  at  second  order, 
the  sum  of  the  first  and  second  order  terms  remains  positive  in  the  center  as  long 
as  the  expansion  is  valid  with  a  nondimensional  amplitude  less  than  about  0.3.  An 
examination  of  the  full  expression  for  w  shows  that  the  total  value  for  w  cannot  go 
negative  at  the  center  of  a  cyclonic  vortex  and  that  the  negative  first  negative  term 
at  second  order  proportional  to  k,  only  serves  to  reduce  the  linear  term. 

Outside  of  the  realm  of  formal  amplitude  expansions,  it  is  more  useful  to  compare 
profiles  of  Ekman  pumping  with  simple  linear  and  quadratic  stress  laws.  These  are 
shown  in  figure  2.  The  Rossby  number  has  been  assumed  small,  so  only  the  planetary 
vorticity  is  included  in  the  denominator  of  eq.  (2.6)  for  the  calculations,  and  the  forms 
of  the  profiles  are  independent  of  disturbance  amplitude.  Whether  or  not  one  includes 
a  linear  stress  term  leads  to  radically  different  radial  profiles  of  the  forced  vertical 
velocity.  The  linear  term  alone  produces  a  maximum  in  the  top  of  the  boundary  layer 
vertical  velocity  at  the  center  of  the  vortex.  For  stress  proportional  to  the  square  of 
the  velocity  with  small  Rossby  number,  the  Ekman  pumping  vanishes  at  the  center. 
At  large  amplitude,  where  the  quadratic  stress  term  dominates  the  Ekman  pumping, 
it  is  easy  to  see  that  such  a  radial  distribution  of  forced  vertical  velocity  would  lead 
to  a  well  defined  eyewall,  as  observed,  if  positive  Ekman  pumping  serves  to  initiate 
deep  convection. 

For  very  strong  disturbances,  some  workers  (e.g.  Moss  and  Rosenthal  1975)  have 
suggested  a  drag  law  that  increases  faster  than  quadratically,  with  Co  —  Coo(l+avo). 
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This  adds  a  cubic  drag  term.  The  radial  profile  of  Ekman  pumping  for  a  cubic  drag 
term  alone,  shown  in  figure  2,  is  quite  similar  to  that  for  a  quadratic  term  alone. 
The  locations  of  the  zero  crossings,  maxima,  and  minima;  and  ratios  of  maxima 
to  minima  are  within  15%.  So,  inclusion  of  a  Co  ^th  linear  velocity  dependence 
enhances  the  Ekman  pumping,  especially  for  large  velocities,  but  does  little  to  the 
spatial  structure. 

We  now  turn  briefly  to  the  slab  symmetric  case.  Results  for  this  case  can  be 
easily  generated  by  changing  all  derivatives  of  the  form  ^  to  ^  in  eq.  (2.6)  and 
making  all  dependent  variables  functions  of  x  rather  than  r.  Using  the  same  spatial 
profile  for  the  velocity  profile  as  we  did  for  the  cylindrical  case  (though  this  profile  is 
no  longer  a  solution  to  a  system  of  equations  relating  to  cyclones),  figure  2  provides 
a  plot  of  the  Ekman  pumping  for  small  Rossby  number  for  a  linear  drag  law.  The 
greatest  difference  between  this  and  the  axisymmetric  case  is  the  weaker  pumping  in 
the  high  vorticity  region  due  to  the  lack  of  the  large  curvature  term  near  the  vortex 
center.  On  the  other  hand,  Ekman  suction  away  from  the  center  is  greater  for  the 
slab  S3rmmetric  case.  For  higher  order  drag  laws,  the  differences  are  less  dramatic. 

Over  the  extent  of  a  disturbance  domain,  with  the  velocity  vanishing  at  the 
boundaries,  it  is  clear  that  the  integral  of  the  Ekman  pumping  must  vanish  as  long  as 
the  assumption  that  the  total  vorticity  remains  positive  holds.  For  the  axisymmetric 
case,  the  area  with  Ekman  suction  is  very  large  (growing  as  r^),  so  the  magnitude  of 
the  suction  is  small.  Comparatively  for  the  slab  symmetric  case,  the  suction  covers 
a  lesser  area  and  is  several  times  greater. 

The  numerical  restilts  presented  above  ignore  the  relative  vorticity  in  the  denom> 
inator  of  eq.  (2.6).  This  has  the  advant^e  of  providing  profiles  that  are  amplitude 
independent.  However,  the  profiles  for  Rossby  number  not  much  less  than  one  are, 
of  course,  dependent  on  dbturbance  amplitude.  Figure  3  shows  a  sequence  of  curves 
of  Ekman  pumping  for  increasing  vortex  intensities.  All  of  the  nonlinear  terms  of 
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eq.  (2.6)  are  included.  The  weakest  vortex  has  Ekman  pumping  not  greatly  different 
from  the  linear  case.  At  a  strength  of  0.5,  the  maximum  pumping  has  moved  far 
from  the  center.  For  strong  vortices,  there  is  positive  pumping  in  region  of  negative 
vortidty.  For  the  case  of  vortex  strength  of  4.0  the  maximum  postive  pumping  is 
in  a  region  of  negative  vorticity.  This  is  due  in  large  part  to  the  behavior  of  the 
denominator  of  of  the  argument  in  eq.  (2.6)  in  regions  where  the  vorticity  gradient 
is  strongly  negative.  Vortices  of  greater  strength  would  violate  the  assumption  of 
positive  total  vorticity  in  some  regions.  However,  in  actual  tropical  cyclones  the 
magnitude  of  the  vorticity  gradient  in  the  regions  of  negative  relative  vorticity  is 
rarely  this  large. 

3.  Discussion  and  Conclusions 

In  the  course  of  this  analysis  we  assumed  that  the  hurricane  prone  regions  of  the 
tropics  in  summertime  are  conditionally  unstable  and  that  positive  Ekman  pumping 
initiates  deep  convection.  We  further  assumed  that  the  primary  effect  of  organized 
convection  is  entrainment  and  the  import  of  angular  momentum  toward  the  convect- 
ing  region.  (See  Part  I  for  discussion  of  these  assumptions.)  Such  imp>ort  leads  to 
the  large  observed  tangential  winds.  This  in  turn  leads  to  a  change  in  the  thermal 
structure  through  geostrophic  adjustment  by  the  radiation  of  gravity  waves.  Prob¬ 
ably  both  the  radial  profile  of  Ekman  pumping  and  upper  level  stabilization  are 
responsible  for  vhe  lack  of  convection  in  the  center  of  a  tropical  cyclone.  However, 
only  control  by  Ekman  pumping  is  consistent  with  the  observation  that  the  eyewall 
region  is  narrow  and  well  defined. 

In  a  weak  vortex,  the  presence  of  turbulent  velocities  in  the  boundary  layer 
greater  than  the  large  scale  organized  velocity  leads  to  an  effective  linear  drag  at 
the  surface.  This  in  turn  implies  Ekman  pumping  proportional  to  vorticity.  For  a 
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weak,  viscous  vortex,  approaching  solid  body  rotation  near  the  center,  the  vorticity 
maximum  is  at  the  vortex  axis,  so  the  convection  is  also  a  maximum  near  the  center. 
In  a  more  intense  vortex,  the  organized  velocity  dominates  and  the  drag  felt  by 
the  large  scale  disturbance  becomes  more  closely  proportional  to  the  square  of  the 
organized  velocity.  Under  these  conditions,  the  Ekman  pumping  vanishes  at  the 
center  and  reaches  a  maximum  at  some  finite  radius  producing  the  characteristic  eye 
of  the  hurricane. 

Observational  results  of  the  relationship  of  low  level  vorticity  and  deep  convec¬ 
tion  are  mixed.  In  analysis  of  GATE  (GARP  Atlantic  Tropical  Experiment)  data, 
Reeves  et  al.  (1979)  found  good  correlation  between  700  mb  vorticity  and  precip¬ 
itation  in  the  better  organized  systems  of  Phases  11  and  III,  but  not  in  Phase  I. 
Chen  and  Ogura  (1982)  claimed  little  correlation  using  the  same  basic  data  set  and 
therefore  argued  against  CISK.  However,  700  mb  is  not  the  appropriate  level  for  mea¬ 
suring  vorticity  to  reach  this  conclusion.  In  composites  of  developing  disturbances, 
Williams  and  Gray  (1973)  found  that  a  low  level  vorticity  maximum  was  at  the  center 
of  tropical  cloud  clusters.  Later  workers  at  Colorado  State  University  (e.g.  McBride 
and  Zehr  1981)  found  cloud  clusters  were  associated  with  relative  vorticity  maxima 
at  900  mb  on  scales  of  about  200  km.  In  view  of  this  inconsistent  picture,  there  is 
need  for  continued  study  on  the  relationship  between  deep  tropical  convection  and 
large  scale  fiow. 

For  intense  cyclones,  there  are  countless  observations  showing  the  annular  struc¬ 
ture  of  the  eyewall;  this  is  clearest  in  radar  scans  (e.g.  Franklin  et  al.  1988).  Many 
detailed  observations  have  shown  that  the  eyewall  is  a  region  of  mean  ascent  and 
boundary  layer  convergence  (e.g.  Jorgensen  1984).  Once  the  quadratic  stress  term 
dominates,  sharper  gradients  in  Ekman  pumping  develop  and  a  narrower  convective 
region  develops.  This  forces  sharper  gradients  of  velocity  in  the  vortex.  Continued 
spatial  collapse  is  probably  only  limited  by  internal  momentum  diffusion  processes. 
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Though  we  concentrated  on  cylindrical  distrubances,  weak  tropical  disturbances 
often  have  much  of  their  vortidty  in  shear  rather  than  curvature  (Williams  and  Gray 
1973).  As  a  disturbance  evolves,  the  development  of  curvature  in  easterly  waves 
encourages  development  by  causing  greater  Ekman  pumping  for  the  same  vortex 
strength.  This  is  made  clear  by  comparison  of  the  Ekman  pumping  in  the  extreme 
cases  of  cylindrical  and  slab  symmetry  using  the  same  disturbance  velocity  profile. 
The  differmice  reaches  a  factor  of  two  greater  for  the  cylindrical  case  at  the  center 
for  the  updraft.  Further,  shorter  wavriength  disturbances  of  the  same  amplitude 
are  more  likely  to  develop  since  these  have  greater  Ekman  pumping  for  the  same 
strength  disturbance. 

Most  theoretical  analyses  are  performed  on  linear  or  weakly  nonlinear  systems 
for  convenience  of  calculation.  On  the  other  hand,  numerical  models  almost  all  use 
quadratic,  or  quadratic  plus  cubic,  drag  laws.  Different  choices  of  surface  drag  lead 
to  radical  changes  in  the  forced  vertical  motion.  Though  we  have  argued  that  for 
weak  circulation,  a  linear  drag  law  may  in  fact  be  appropriate,  is  is  probably  unwise 
to  rely  on  ease  of  calctilation  for  use  of  linear  drag  laws  in  theoretical  calculations 
without  further  justification.  In  axisymmetric  or  slab  symmetric  modeb,  it  may  be 
unwise  to  use  only  a  quadratic  drag  law  in  numerical  models,  unless  examining  only 
very  strong  disturbances.  This  is  less  a  problem  in  three  dimensional  models  with 
high  resolution,  since  small  scale  motions  provide  some  of  the  same  behavior  modeled 
here  with  a  linear  drag  law. 

For  vertically  stable  conditions,  where  Ekman  pumping  provides  a  weak  decay 
mechanism  for  the  large  scale  dynamics,  the  spatial  details  of  Ekman  pumping  may 
not  be  of  great  significance.  However,  for  repons  with  a  conditionally  unstable 
boundary  layer,  where  Ekman  pumping  controls  the  location  of  deep  precipitating 
convection  and  the  location  of  most  of  the  convergence  aloft,  the  spatial  dependence 
of  the  pumping  strongly  effects  the  further  development  of  a  disturbance,  so  stress 
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boundary  omditions  must  be  duMra  with  care. 
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Figure  1:  Ekman  pumping  for  weakly  nonlinear  expansions.  Curve  (b)  shows  the  Ek- 
man  pumping  at  first  order,  while  curve  (c)  shows  the  second  order  correction, 
Curve  (a)  shows  the  tangential  velocity  profile  of  the  vortex  used  divided  by 
1000.  The  vertical  dashed  lines  are  at  the  radius  of  maximum  winds  and  the  radius  of 
zero  relative  vorticity.  For  each  curve  the  vortex  is  assumed  to  have  unit  nondimen- 
sional  amplitude  corresponding  to  a  maximum  dimensional  velocity  of  8m/secand 
the  length  unit  is  160  km. 


Figure  2:  Comparison  of  Ekman  pumping  between  different  drag  laws  and  compari¬ 
son  between  cylindrical  and  slab  symmetries.  Curve  (a)  shows  the  Ekman  pumping 
for  a  linear  drag  law  in  cylindrical  symmetry  [same  as  (b)  in  previous  figure];  curve 

(b)  shows  the  Ekman  pumping  a  quadratic  drag  law  in  cylindrical  symmetry;  curve 

(c)  shows  the  Ekman  pumping  for  a  cubic  drag  law  in  cylindrical  symmetry;  and 
curve  (d)  shows  the  Ekman  pumping  for  a  linear  drs^  law  in  slab  symmetry.  Ail 
calculations  include  only  the  planetary  vorticity  in  the  denominator.  Scaling  is  as  in 
figure  1. 


Figure  3:  Ekman  pumping  for  various  vortex  strengths.  Scaling  is  as  in  figure  1. 
N.B.  the  difference  in  vertical  scale  between  the  plots. 
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Abstract 


TVopical  cylone  outflows  have  been  known  for  some  time  to  be  asymmetric  or  even  jet¬ 
like.  On  the  other  hand,  the  low  level  inflows  are  very  close  to  cylindrical  symmetry. 
Some  workers  have  argued  that  the  asymmetry  aloft  is  induced  through  interactions  with 
the  larger  scale  environmental  flow.  However,  we  believe  that  tropical  cyclones  naturally 
de  iop  strong  asymmetries  in  the  outflow.  Simple  energy  arguments  are  presented  to 
show  that  narrow  outflow  regions  are  ener^tically  favored  states;  i.e.  states  that  require 
the  least  amount  of  kinetic  energy  for  a  given  convectively  driven  mass  flux.  The  very 
simple  model  used  assumes  that  angular  momentum  is  conserved  and  that  the  organized 
convection  of  a  cyclone  eyewall  draws  mass  in  at  low  levels  and  expels  it  aloft.  Over 
a  large  range  of  mass  fluxes  (and  hence,  storm  lifetimes),  a  robust  result  is  obtained 
that  the  outflow  regions  should  cover  arcs  of  between  30  and  40  percent  of  a  circle  and 
that  the  inflow  should  cover  the  entire  circle  (i.e.  be  symmetric).  This  is  consistent  with 
observed  outflows. 
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Tbaa  th*  bemaprit  got  mixad  with  tha  nddar  aomatimm: 

A  thiag,  as  tka  Ballmmm  lamarka^. 

That  fiaqmamtfy  bappaaa  ia  tnpieal  elimaa, 

IVkM  •  amaal  ia,  ao  to  apamk,  ‘‘amarkad." 

lamia  Canoll  18T6 
Tka  Hwatiat  af  tka  Saark 


1  Introduction 

Once  a  tropical  cyclone  reaches  moderate  intensity,  in  the  lower  levels  there  is  inflow  from 
all  directions  toward  the  center.  However,  in  the  upper  troposphere  where  there  is  mean 
outflow  from  the  center,  the  outflow  is  highly  asymmetric  (deviations  from  cylindrical 
symmetry)  and  is  usually  concentrated  into  one  or  two  sectors  covering  less  than  half  the 
circle.  Many  works  have  attributed  the  outflow  asymmetries  and  the  associated  angular 
momentum  eddy  fluxes  to  interactions  between  the  tropical  cyclone  and  the  surrounding 
s3rnoptic  scale  flow.  We  show  here  that  asymmetric  outflows  are  energetically  favored  for 
an  isolated  tropical  cyclone.  This  suggests  that  the  asymmetry  is  likely  to  be  intrinsic 
to  the  tropical  cyclone  phenomenon. 

Ferrel  (1856)  was  probably  the  first  to  realize  that  inflow  towards  the  center  of  a 
cyclone  would  result  in  spiral  pathways  for  parcels  and  would  result  in  spin-up  of  a 
storm.  He  also  realized  that  in  an  intense  cyclone  the  outflow  would  be  a  weakening 
spiral,  but  failed  to  realize  that  anticyclonic  motion  at  greater  radius  would  also  result. 
Until  the  work  of  Haurwitz  in  1935,  it  was  generally  thought  that  the  circulation  of 
tropical  cyclones  extended  upwards  only  three  kilometers,  or  less.  Haurwitz  showed 
that  for  the  observed  central  pressure  perturbations,  reasonable  limits  on  the  lapse  rate 
implied  that  the  cyclones  reached  at  least  ten  kilometers,  if  not  higher.  He  also  noted  that 
a  storm’s  circulation  might  continue  above  the  level  of  zero  pressure  gradient  into  a  level 
of  negative  pressure  gradient  and  outflow.  Durst  and  Sutclifife  (1938)  also  suggested  that 
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there  might  be  an  anticyclonic  circulation  during  the  early  stages  of  development  due 
to  a  pressure  increase  from  the  accumulation  of  mass  in  the  core  region.  Through  they 
developed  equations  showing  the  consequenses  of  conservation  of  angualr  momentum 
near  the  surface,  they  failed  to  apply  the  same  logic  to  the  outflow  level. 

E.  S.  Jordan  (1952)  provided  perhaps  the  first  conclusive  observations  of  anticyclonic 
flow  aloft  outside  of  the  core  region,  though  this  was  previously  hinted  at  by  Riehl  (1951). 
Jordan  also  showed  that  the  outflow  was  not  symmetric,  though  the  use  of  composited 
data  left  some  room  for  doubt.  She  found  a  single  outflow  region  in  Earth  bound 
coordinates,  but  two  outflow  regions  in  storm  moving  coordinates.  These  observations 
indicated  that  at  small  radius  the  upper  level  tangential  flow  was  cyclonic,  while  at 
larger  radius  the  flow  became  anticyclonic.  Descriptions  of  outflows  based  on  satellite 
derived  winds  and  aerological  data  from  five  different  storms  were  presented  by  Black 
and  Anthes  (1971).  All  of  the  storms  they  studied  had  highly  asymmetric  distributions 
in  the  radial  component  of  the  wind  in  the  upper  layer. 

Three  dimensional  numerical  models  also  develop  asymmetries.  The  simulation  of 
Anthes  (1972)  developed  strong  asymmetries,  even  with  initial  conditions  of  an  axisym- 
metric  vortex  in  gradient  wind  balance  broken  only  by  roundoff  errors  and  the  imposition 
of  a  square  domain.  Similar  results  were  obtained  by  Kurihara  and  Tuleya  (1974)  and 
by  Jones  (1977),  who  also  started  with  initial  conditions  of  axisymmetric  vortices.  In  all 
of  the  simulations,  eventually  wave  number  two  dominated  the  asymmetric  components, 
though  at  early  times  higher  wavenumbers  were  the  most  energetic.  Anthes’  (1971)  sim¬ 
ulations  had  initial  asymmetries  at  wave  number  4,  corresponding  to  symmetry  breaking 
by  the  cylindrical  cyclone  in  a  square  domain.  However,  before  long  the  asymmetries 
were  dominated  by  wave  numbers  1  and  2.  However,  these  modelled  asymmetries  were 
usually  not  as  strong  as  observed  ones  (Merrill  1988a). 

The  outflow  asymmetries  are  often  attributed  to  external  influences  or  from  storm 
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motion  (e.g.  Miller  1958).  There  have  been  several  recent  works  that  have  taken  the 
view  that  the  asymmetries  in  tropical  cyclone  outflows  are  to  a  large  part  environmen¬ 
tally  induced  (e.g.  Molinari  and  VoUaro  1989,  1990).  Further,  there  have  been  claims 
that  the  momentum  surges  from  these  external  influences  play  a  significant  role  in  the 
intensification  of  cyclones.  The  simulations  of  Challa  and  Pfeffer  (1980,  1984,  1990) 
have  shown  rather  conclusively  that  the  eddy  angular  momentum  fluxes  aloft  encourage 
intensification  and  are  even  essential  for  weak  disturbances  to  exceed  the  threshold  for 
intensfication  (1990).  Though  most  of  the  works  examing  momentum  fluxes  from  exter¬ 
nal  influences  have  concluded  that  these  fluxes  assist  the  cyclone  intensification  process, 
Merrill  (1988b)  concludes  that  the  sum  of  all  the  external  influences  (including  vertical 
shear)  must  be  a  negative  influence  since  so  few  storms  reach  their  thermodynamically 
limited  ma.<imum  intensity. 

In  the  simple  calculations  presented  below,  we  will  examine  the  energy  of  the  outflow 
region  of  a  tropical  cyclone  for  various  configurations.  The  vertical  component  of  the 
angular  momentum  (i.e.  the  angular  momentum  due  to  the  tangential  circulation)  will 
be  assumed  absolutely  conserved  for  each  parcel.  The  sole  purpose  of  the  eyewall  will 
be  to  draw  air  in  at  the  lower  level  and  expel  it  aloft. 


2  Energetics  of  Spin-up 


The  very  simple  model  used  here  has  only  two  layers,  a  lower  layer  with  mean  inflow 
and  an  upper  layer  with  mean  outflow.  We  will  assume  that  all  fluid  is  initially  at  rest 
in  a  rotating  system  with  constant  Coriolis  parameter,  /.  The  coordinate  system  is 
cylindrical,  with  radius  r.  Only  azimuthal  velocities,  v,  within  this  coordinate  system 
will  be  considered.  The  vertical  component  of  the  angular  momentum.  A/,  of  a  parcel 
is  then; 


M  s  TV  + 


(1) 
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In  the  initial  state  parcels  are  at  rest  with  respect  to  the  earth,  so  a  parcel  at  initial 
radius  rj  has 

(2) 

For  parcels  conserving  their  angular  momentum,  their  azimuthal  velocity  at  a  later  radial 
position,  ry,  is 

»(r,)  =  -  r?)  .  (3) 

Changes  in  the  altitude  or  density  of  a  parcel  do  not  alter  this. 

There  will  be  no  examination  of  dynamics  here.  We  now  assume  a  process  that  sucks 
in  fluid  in  the  lower  layer  of  the  system  at  radius  ro  and  ejects  it  aloft  at  the  same  radius. 
(Any  similarity  between  this  process  and  cumulus  convection  in  an  eyewall  is  intentional, 
but  limited.)  The  process  may  selectively  pull  fluid  firom  only  a  limited  fraction  of  the 
sectors  and  similarly  may  eject  fluid  into  only  limited  sectors.  The  geometry  of  the 
process  is  illustrated  in  figure  1.  At  the  conclusion  of  the  process,  fluid  will  have  been 
sucked  in  from  sectors  covering  a  fraction  ei  of  the  annulus  from  tq  to  ri.  The  same 
fluid  will  have  been  ejected  into  sectors  covering  fraction  €2  of  the  annulus  between  tq 
and  r2.  The  choices  of  the  number  and  ^nunetry  of  sectors  are  arbitrary  and  will  have 
no  effect  on  the  following  calculation.  IVansport  of  the  fluid  will  be  assumed  to  occur  in 
“conveyor  belt”  fashion.  Hence  parcels  that  begin  at  radius  tq  in  the  lower  layer  finish 
at  radius  r2  aloft,  and  parcels  that  begin  at  radius  ri  in  the  lower  layer  finish  at  radius 
ro  aloft.  For  parcels  of  arbitrary  initial  radius  in  the  interval  [ro,  ri],  the  initial  and  final 
positions  satisfy 

(\PihiTr{rf  -  rj)  =  €2P2h2irirl  -  rf)  ,  (4) 
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where  pj  and  hj  are  the  density  and  depth  of  layer  respectively;  and  the  lower  layer 
is  designated  by  j  ^  1,  while  the  upper  layer  has  j  s  2.  For  each  level  the  total  masses 
are  the  same: 


V  =  -  r^)  =  -  rg)  . 


(5) 


One  can  now  easily  solve  for  the  tangential  velocities  in  the  outflow: 

waC'/)  =  ^  [»‘i +7»‘o-(l +7)r?]  ,  (6) 

where 


^  ”  ixPxhx  • 


(7) 


The  pressure  thicknesses  of  the  inflow  and  outflow  layers  are  observed  to  be  about 
equal  at  approximately  200  mb,  with  most  of  the  inflow  concentrated  in  a  lower  layer 
roughly  from  900-700  mb  and  the  upper  layer  outflow  roughly  confined  within  300- 
100  mb.  Therefore  p\h\  »  P2/12  and  the  nondimensional  ratio  7  »  62/61.  An  example 
velocity  profile  is  shown  in  figure  2. 

From  the  upper  layer  velocity  profile  one  can  obtain  the  relative  vorticity: 


C,  =  ^  =  -/(l+7). 

TfdTf 


In  the  outflow  the  vorticity  is  independent  of  radius  and  strongly  negative.  Even  the 
absolute  vorticity  is  negative  and  equal  to  —/rf-  Hence,  the  smaller  the  ratio  7  the  less 
negative  the  vorticity. 

The  deus  ex  machiTia  process  described  above,  though  it  conserves  angular  momen¬ 
tum,  does  not  conserve  energy.  In  fact  large  amounts  of  energy  are  needed  to  drive  the 
postulated  mass  flux.  The  remainder  of  this  calculation  is  concerned  with  determining 
the  required  energy  and  the  dependence  of  the  energy  on  the  mass  flux,  inflow  fraction, 
and  outflow  fraction. 
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We  will  not  be  concerned  here  with  fluid  initially  at  rest  in  the  upper  level  moving 
outwards  or  fluid  in  the  lower  level  moving  only  inwards.  In  both  of  these  cases  the 
motion  is  all  strictly  away  from  the  radius  of  zero  tangential  velocity  and  so  symmetric 
motion  clearly  reqmres  the  least  energy.  Also,  the  return  branch  of  fluid  sinking  without 
much  change  to  its  radial  position  is  ignored  here. 

In  the  outflow  layer  aloft,  the  integrated  kinetic  energy  is 


/fa  =S  ^  f2P2^2i;|(r,)  TCT,  dv, 


for  fluid  that  was  initally  at  rest  in  the  lower  level.  Since  we  are  interested  in  the 
difference  in  energy  for  diSerenct  configurations  of  outflow  for  a  given  amout  of  mass 
flux,  it  is  easier  to  examine  the  kinetic  energy  density.  Substitution  by  eqs.  (3)-(7), 
followed  by  an  integration,  and  a  fair  amount  of  algebraic  manipulation  yields  for  the 
kinetic  energy  density: 


+  ^(B  +  1+7)* 
where  the  nondimensional  parameter 


r?  -  r2 


Some  limits  are  of  note: 


lim  Ta  =  +00 ,  for  S  >  0 

7—0 

lim  Ta  =  +00 ,  for  5  >  0 
7—00 

lim  Ta  =  0 ,  for  7  >  0 
lim  Ta  =  +00 ,  for  7  >  0  . 

S— oo 

These  limits  can  be  obtained  through  a  combination  of  direct  substitution  and  applica¬ 
tion  of  I’Hopital’s  rule. 
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A  contour  plot  of  T^,  as  a  function  of  7  and  B  is  provided  in  figure  3.  Tlie  leading 
dimensional  factor  in  the  expression  for  has  been  omitted,  so  the  units  are  arbitrary. 
Important  to  note  is  that  the  figure  is  independent  of  ro  (eyewall  radius)  and  /  (latitude). 
Though  both  ei  and  (2  are  each  in  the  interval  (0, 1],  there  is  no  such  restriction  on  the 
magnitude  of  7. 

We  now  make  the  ansatz  that  the  most  likely  states  are  those  of  lowest  energy.  It  is 
visually  apparent  that  the  mean  energy  density  increases  about  linearly  in  B.  Paths  in 
the  space  of  Bx'y  that  vary  the  inflow  fraction  ej  for  constant  mass  flux,  V,  and  constant 
outflow  fraction,  are  straight  lines  emanating  from  the  origin.  For  any  given  amount 
of  fluid  moved  by  our  cylindrical  pump,  the  energy  density  is  minimized  along  these 
paths  by  heading  towards  the  origin.  These  paths  can  only  be  followed  until  the  inflow 
sector  fraction,  €1,  reaches  its  maximum  value  of  1.  In  this  limit  then  7  =  »  cz. 

and  we  see  the  optimal  sector  fraction  for  the  outflow  aloft  is  about  0.4,  corresponding 
to  a  total  angle  of  about  150**,  for  young  disturbances,  decreasing  to  about  0.3  as  the 
amount  of  fluid  pumped  increases.  This  result  is  fairly  insensitive  to  the  amount  of  fluid 
pumped,  though  the  selection  becomes  more  strongly  favored  by  this  energetic  criterion 
as  the  system  develops. 

In  the  limit  of  large  B,  the  preferred  outflow  fraction  ratio,  7,  approximately  satisfles 
the  implicit  equation 

2‘“(f)=5  +  :^-  (12) 

This  was  determined  by  setting  ^  =  0,  assuming  B^\,  and  keeping  only  the  highest 
order  terms  in  B.  A  curve  of  the  solution  to  eq.  (12)  is  shown  in  flgure  4  along  with  a 
curve  for  the  preferred  7  as  determined  by  the  full  equation  (11)  and  figure  3.  For  all 
but  the  smallest  values  of  B,  eq.  (12)  provides  an  excellent  approximation. 
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3  Discussion  and  Conclusions 

Though  it  has  often  been  suggested  that  a  strong  anticyclone  aloft  encourages  develop¬ 
ment  of  a  tropical  cyclone  (e.g.  Merrill  1988b),  we  take  a  contrary  position.  The  creation 
of  any  anticyclonic  flow  is  a  consequence  of  the  outflow  driven  by  the  intensification  pro¬ 
cess  and  is  an  energetic  drain  on  the  system.  (Claims  that  the  outflow  circulation  and 
the  anticylone  aloft  can  serve  as  a  source  of  intensification  inspired  the  inclusion  of  the 
leading  epigraph.)  Though  surface  concentrated  perturbations  can  drive  positive  feed¬ 
backs  through  air/sea  interactions  (Emanuel  1986,  Handel  1991),  the  upper  level  flow 
provides  no  energy  sources  to  drive  intensification.  It  is  because  there  are  no  positive 
feedbacks  between  a  strong  flow  aloft  and  further  tropical  cyclone  intensification  that 
the  energy  minimization  heuristic  used  here  has  any  applicability. 

The  inital  radius  of  a  parcel  in  this  problem  is  also  what  is  referred  to  as  the  po¬ 
tential  radius  in  some  works  that  make  use  of  angular  momentum  coordinates.  It  is 
the  location  where  a  parcel  has  no  kinetic  energy  in  the  rotating  reference  frame.  To 
a  crude  approximation,  the  magnitude  of  the  velocity  increases  linearly  with  deviation 
from  this  postion.  Hence,  kinetic  energy  increases  about  quadratically  with  change  in 
radial  position.  Since  the  radial  ordering  of  the  parcels  is  fixed,  maintained  strictly  in 
the  problem  here  though  slightly  less  well  in  nature,  it  is  impossible  for  all  parcels  to 
return  to  their  potential  radius  after  being  lifted  aloft  and  their  radial  ordering  reversed. 
Outflow  in  narrow  regions  allows  more  parcels  to  get  closer  to  their  potential  radius  and 
therefore  results  in  less  kinetic  energy  aloft. 

Narrow  outflows  have  another  profound  effect  on  the  kinetic  energy  of  the  upper 
level  anticyclone.  These  configurations  lead  to  much  larger  internal  gradients  of  velocity 
and  greatly  increase  the  lateral  momentum  mixing.  This  mixing  also  has  the  effect  of 
reducing  the  strengh  of  the  anticyclone  as  well  as  reducing  the  strength  of  the  cyclonic 
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circulation  at  smaller  radius  aloft.  Such  mixing  encourages  the  intensification  of  a  trop> 
ical  cyclone  (Handel  1991).  Though  in  the  calculation  above  angular  momentum  was 
strictly  conserved  by  each  parcel,  a  more  complete  calculation  that  allowed  for  more 
momentum  mixing  by  states  of  greater  asynunetry  would  show  even  stronger  preference 
for  states  with  narrow  outfiows. 

The  asymmetries  are  so  great  that  Merrill  (1988a)  notes  that  for  some  storms  there 
are  regions  of  large  scale  inflow  in  what  is  referred  to  as  the  “outfiow  layer” ,  and  that  in 
some  storms  these  can  contribute  as  much  or  more  eddy  import  of  angular  momentum 
than  is  found  in  the  outfiow  regions.  As  can  be  seen  in  budgets  of  composites  he  provided, 
the  tendency  of  the  mean  oufiow  to  export  planetary  angular  momentum  (in  a  cyclone 
reference  frame),  is  partially  countered  by  both  the  mean  transport  of  relative  angular 
momentum  and  eddy  transports  of  angular  momentum.  At  large  radius  (greater  than 
1000  km),  it  appears  that  the  eddy  transport  is  larger  than  the  mean. 

The  notion  that  large  eddy  angular  momentum  fluxes  imply  strong  external  influ¬ 
ences  on  tropical  cyclones,  such  as  that  made  in  Molinari  and  Vollaro  1989,  makes  a 
large  and  unjustified  leap.  However,  the  observational  result  of  Molinari  and  Vollaro 
that  tropical  cyclone  intensification  is  well  correlated  with  increases  in  upper  level  eddy 
angular  momentum  fluxes  makes  dynamical  sense.  It  is  consistent  with  this  work  show¬ 
ing  that  asymmetric  outflows  require  less  energy  to  drive  as  well  as  the  results  of  Handel 
(1991)  that  shows  that  increases  in  the  eddy  diffusivity  in  the  upper  layer  of  a  simple 
tropical  cyclone  model  encourages  intensfication.  However,  since  as)rmmetric  states  are 
energetically  favored  by  processes  inherent  to  tropical  cyclone  mechanics,  the  eddy  fluxes 
of  angular  momentum  are  likely  due  to  internal  cyclone  processes. 

The  energy  based  arguments  for  asymmetric  outflow  provide  no  dynamical  method 
of  creating  these  asymetries.  Various  instabilities  have  been  proposed  for  the  upper 
levels  of  tropical  cyclones  (e.g.  Alaka  1961,  Anthes  1972).  Though  the  velocity  profile 
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from  ‘^conveyor  belt”  flow  is  inertially  unstable  in  the  outflow  layer,  inertial  instabilities 
are  symmetric.  Anthes  (1972)  has  specifically  looked  at  instabilities  that  might  lezid 
to  asymmetries,  but  not  in  any  depth.  Since  the  model  used  here  provides  specific 
velocity  profiles,  it  is  worth  examining  in  detail  the  stability  of  the  flows  to  asymmetric 
perturbations.  This  will  part  of  the  continuing  line  of  our  research. 

Fast  moving  upper  level  waves  do  not  appear  to  have  suflicient  energy  to  provide 
a  strong  direct  impetus  for  tropical  cyclone  intensification.  However,  such  upper  level 
disturbances  may  help  break  the  symmetry  of  the  upper  level  outflow.  This  might  make 
the  low  energy  asymmetric  states  accessible. 

Since  there  is  so  little  in  the  way  of  dynamics  in  the  model  used  and  also  since  the 
energy  minimization  criteria  is  not  a  strict  indication  of  dynamical  development,  the  re¬ 
sults  obtained  can  only  be  considered  suggestive.  Nevertheless,  the  following  conclusions 
are  indicated.  For  a  given  mass  pumping  by  a  tropical  cyclone  eyewall,  the  least  energy 
is  required  if  the  inflow  is  symmetric  and  the  outflow  covers  30-40%  of  the  sectors  of 
the  outflow  region.  If  the  pressure  thickness  of  the  inflow  and  outflow  layers  were  not 
approximately  equal,  the  preferred  outflow  fraction  is  scaled  by  the  ratio  of  the  inflow 
thickness  to  the  outflow  thickness.  The  energetically  preferred  outflow  fraction  is  robust 
over  very  large  variations  in  mass  pumping,  with  the  preferred  outflow  fraction  decreas¬ 
ing  only  very  slowly  in  time  after  an  initial  rapid  decrease.  Further,  the  energetically 
preferred  outflow  fraction  depends  on  neither  cyclone  latitude  nor  eyewall  radius. 
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Figure  1:  Induced  mass  flow  from  convective  processes.  The  upper  flgure  shows  a  cross 
section  schematic  of  the  assumed  radial  mass  flow  from  the  postulated  covection.  Flow  is 
concentrated  in  a  lower  inflow  layer  and  an  upper  outflow  layer.  The  lower  figure  shows 
a  planform  view  of  the  allowed  inflow  inflow  (left)  and  outflow  (right)  regions.  Flow  is 
only  allowed  in  the  unshaded  areas.  The  choices  of  the  number  and  symmetry  of  these 
disconnected  areas  are  arbitrary.  The  unshaded  area  for  the  inflow  covers  a  fraction  €i 
of  the  annulus  between  ro  and  r^.  The  unshaded  area  of  the  outflow  covers  a  fraction  cj 
of  the  annulus  between  ro  and  r^. 


Figure  2:  An  upper  level  velocity  profile  resulting  from  “conveyor  belt”  flow.  The 
parameters  are  set  at  tq  =  20  km,  ri  =  20ro,  /  as  0.00002,  and  7  *  0.3. 


Figure  3;  Normalized  energy  density  (T«/(/ro/4)*]  as  a  function  of  upper  to  lower  level 
fraction  ratio,  7,  and  nondimensionalized  areal  extent  of  inflow,  B.  Contours  run  from 
1000  to  20000  in  increments  of  1000. 


Figure  4:  Preferred  outflow  fraction  as  a  function  of  extent.  One  curve  was  determined 
from  figure  3  and  the  other  was  determined  from  the  simple  approximation  of  eq.  12. 
The  curves  are  nearly  indistinguishable  except  for  small  mass  fluxes. 
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ABSTRACT 


One  of  the  major  difficulties  in  tropical  cyclone  theory  is  explaining  the 
infrequency  of  these  intense  storms.  It  has  long  been  known  that  they  depend  on 
fluxes  of  heat  and  water  vapor  from  the  ocean  surface  for  their  primary  source  of  en¬ 
ergy.  The  same  can  be  said  of  tropical  cumulus  clouds.  A  tropical  cyclone,  however, 
is  only  observed  to  occur  when  a  fairly  intense  disturbance,  started  with  a  different 
energy  source,  is  found  over  the  oceans  (though  this  is  not  a  sufficient  condition). 
There  appears  to  be  a  threshold  for  whether  or  not  disturbances  intensify,  both  in 
the  atmosphere  and  in  numerical  models.  An  analytic  theory  is  provided  to  examine 
this  threshold.  In  Part  I,  the  full  system  of  equations  for  our  model  is  developed  and 
a  linearization  of  that  system  is  examined  to  show  that  the  growth  of  infinitesimal 
disturbances  is  not  expected.  In  Part  II,  it  will  be  shown  how  finite  amplitude  dis¬ 
turbances  can  intensify  under  conditions  where  the  conditions  for  linear  instability 
are  not  met. 

It  is  assumed  that  the  boundary  layer  is  moist  convectively  unstable  with  respect 
to  the  air  aloft  and  that  deep  convection  occurs  where  there  is  Ekman  pumping  out  of 
the  boundary  layer,  the  primary  assumption  of  CISK  (Conditional  Instability  of  the 
Second  Kind).  In  the  model,  the  primary  impediment  to  linear  growth  is  frictional, 
though  coupling  to  the  descent  region  also  increases  the  requirements  for  a  growing 
disturbance.  Quite  small  values  of  the  frictional  coefficients  are  able  to  stabilize  a 
base  state  with  large  amounts  of  vertical  available  potential  energy.  This  makes  linear 
instability  from  infinitesimal  perturbations  unlikely,  even  for  generous  estimates  of 
the  available  vertical  potential  energy  in  warm  regions  of  the  tropics  in  summertime. 


156 


1.  Introduction 


IVopical  cyclones  are  amongst  the  most  damaging  phenomena  in  the  atmosphere. 
They  are  capable  of  great  intensification  into  the  extreme  examples  known  either  as 
hurricanes  or  typhoons.  Despite  the  scrutiny  under  which  these  disturbances  have 
come,  surprisingly  little  recent  work  has  been  done  on  the  intensification  process 
using  analytic  methods.  This  work  analyzes  the  threshold  for  the  development  of 
intense  tropical  cyclones  from,  the  far  more  frequent,  weaker  tropical  disturbances. 
Here,  in  Part  I,  a  linear  stability  analysis  is  performed  to  show  that  hurricane-like 
growth  from  inifinitesimal  disturbances  is  unlikely  for  even  generous  estimates  of  the 
vertical  potential  energy  present  in  the  warm  regions  of  the  summertime  tropics.  In 
Part  II  (Handel  1991),  the  techniques  of  weakly  finite  amplitude  stability  theory  are 
used  to  show  how  finite  amplitude  disturbances  can  intensify  under  conditions  where 
the  conditions  for  linear  instability  are  not  met.  This  work  is  largely  an  extension  of 
that  by  Ooyama  (1969). 

In  1964,  Ooyama,  and  Chamey  and  Eliassen  put  forward  theories  for  the  de¬ 
velopment  of  tropical  cyclones  involving  "cooperation”  between  the  gross  circulation 
of  the  cyclone  and  the  smaller  scale  moist  convection.  Chamey  and  Eliassen  named 
the  process  Conditional  Instability  of  the  Second  Kind  (CISK).  The  energy  source 
was  the  same  as  for  moist  convective  instability,  which  implicitly  was  the  first  kind 
of  conditional  instability.  The  dynamics,  however,  were  quite  different.  Their  ma¬ 
jor  contribution  was  to  show  the  consequences  of  mass  convergence  in  the  frictional 
surface  boundary  layer  organizing  convection  on  a  large  scale;  this  is  the  central 
property  of  CISK.  The  ^onized  convection  is,  in  turn,  responsible  for  the  organized 
inflow.  This  inflow  drives  a  concentration  of  angular  momentum.  Convection  is  far 
more  efficient  at  intensifying  a  vortex  through  vorticity  import  than  through  direct 
heating  (Schubert  et  ai  1980).  These  authors  recognized  that  the  perturbation  must 
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be  finite  amplitude  to  dominate  the  small  scale  convections,  which  have  the  fastest 
growth  rates  in  the  simplest  analyses,  but  they  were  unable  to  treat  this  aspect  of 
the  problem.  It  has  been  suggested  that  CISK  type  theories  fail  because  as  linear 
instability  theories  they  imply  that  tropical  cyclones  whould  be  far  more  frequent 
and  weaker  (Emanuel  1986).  We  will  show  that  this  suggestion  is  incorrect. 

Tropical  cyclones  are  warm  core  disturbances  over  their  entire  depth.  They 
form  only  over  large  bodies  of  water.  The  primary  energy  source  is  heat  from  the 
upper  layer  of  the  ocean  transferred  to  the  atmosphere  in  the  form  of  latent  heat, 
by  evaporation,  and  later  released  aloft  through  condensation.  Some  of  thb  transfer 
occurs  before  the  start  of  the  cyclone  and  is  refiected  in  the  potential  instability 
of  boundary  layer  air  with  respect  to  the  air  aloft.  The  storms  are  of  such  great 
intensity,  and  the  core  is  of  such  great  relative  warmth,  that  they  cannot  be  formed 
by  simply  lifting  a  set  of  parcels  from  the  boundary  layer  under  normal  conditions. 
So,  part  of  the  development  process  requires  increasing  the  entropy  of  the  boundary 
layer. 

This  dynamical  description  of  a  tropical  cyclone  might  then  lead  to  the  inclusion 
of  some  systems  that  are  not  tropical.  In  particular,  polar  lows  may  be  dynamically 
quite  similar  to  hurricanes  (Rasmussen  1979,  Emanuel  and  Rotunno  1989,  and  the 
works  cited  therein;  though  as  discussed  in  Rasmussen  and  Lystad  1987,  they  disagree 
on  the  mechanism  responsible  for  development).  Midlatitude  baroclinic  cyclones  can 
also  extract  heat  from  the  ocean.  In  se^^ral  well  studied  cases  (e.g.  Gyakum  1983, 
Bosart  and  Lin  1984,  Reed  and  Albright  1986)  very  rapid  intensification  of  such 
disturbances  has  been  observed  when  they  move  or  form  over  the  ocean.  Gyakum 
(1983)  explicity  calls  on  a  CISK-Uke  mechanism  to  explain  development.  The  theory 
presented  in  this  work  for  tropical  cyclones  may  also  apply  to  these  other  types  of 
storms  in  various  degrees. 
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1.1.  Existence  of  a  Threshold 


We  will  distinguish  between  genesis  and  intensification.  The  creation  of  a  large, 
organized,  initial  disturbance,  by  any  means,  will  be  referred  to  as  genesis.  Many  such 
dbturbances  occur  or  move  over  the  oceans.  Some  of  these  are  called  easterly  waves, 
others  apparently  begin  as  instabilities  of  the  intertropical  convergence  zone  or  along 
the  southern  monsoon  shear  line.  A  small  fraction  intensify,  apparently  by  organizing 
deep  convective  activity,  forcing  unsaturated  air  up  and  out  of  the  boundary  layer 
so  that  it  saturates  and  becomes  convectively  unstable,  and  by  extracting  beat  from 
the  ocean  surface;  all  leading  to  the  development  of  a  very  warm  core.  The  processes 
leading  to  genesis  will,  on  the  whole,  be  ignored  in  this  work,  which  concentrates  on 
intensification. 

At  least  as  far  back  as  the  1930s,  the  infrequency  of  tropical  cyclones  was  vexing 
to  those  attempting  to  develop  an  explanation  for  these  intense  storms  (see  the 
discussion  following  Durst  and  Sutcliffe  1938).  Hurricanes  do  not  regularly  erupt 
like  the  frequent  tropical  cumulus  clouds,  or  even  the  occasional  cumulonimbus.  In 
the  course  of  a  year,  there  are  thousands  of  cloud  clusters  over  the  tropics  (McBride 
1981).  Few  of  these  will  grow  to  be  classified  as  tropical  depressions.  Only  a  small 
fraction  of  the  tropical  depressions  will  become  hurricames  (about  a  third,  based  on 
N.  Frank  and  Hebert  1974).  Of  those  that  reach  tropical  storm  status,  about  two- 
thirds  will  reach  hurricane  intensity  (Gray  1975),  for  a  global  total  of  usually  less 
than  one  hundred.  Palmen  (1956)  noted  “In  spite  of  the  fact  that  the  necessary 
climatological-geographical  conditions  for  the  formation  of  tropical  cyclones  prevail 
over  large  areas  of  the  earth  during  certain  seasons,  the  actual  appearance  of  cyclones 
of  hurricane  strength  is  a  relatively  rare  phenomenon.”  Contrary  to  this,  we  will 
show  that  the  climatological  conditions  for  tropical  cyclone  development  through 
linear  instability  are  not  met. 
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It  is  not  simple  to  distinguish  between  cases  where  strong  cyclones  develop  out 
of  tiny  perturbations  (linear  instability)  and  those  where  a  sizeable  perturbation  is 
required.  If  one  had  complete  and  perfect  data  over  the  lifetime  of  a  disturbance, 
the  order  of  relative  importance  of  the  dominant  energy  source  terms  would  change 
at  the  threshold,  if  one  existed.  Such  a  data  set  does  not  exist,  nor  anything  even 
close  to  it.  However,  for  at  least  some  disturbances,  the  Atlantic  easterly  waves,  the 
disturbances  begin  in  a  region  of  barotropic  instability  over  land,  then  intensify  over 
the  water  in  a  region  with  little  barotropic  or  baroclinic  energy  supply  (Reed  and 
Recker  1971,  Burpee  1972),  indicative  of  a  change  in  energy  source. 

1.2.  Solution  Procedures 

The  theory  presented  here  is  based  on  the  CISK  type  model  of  Ooyama  (1969). 
We  will  examine  Ooyama’s  general  system,  with  the  inclusion  of  dissipation,  up  to 
second  order  in  an  amplitude  expansion.  The  basic  feature  that  deep  convection 
and  net  heating  aloft  are  in  phase  with  mass  convergence  in  the  boundary  layer  is 
retained.  This  system  can  exhibit  a  dbturbance  amplitude  threshold  for  growth. 
The  threshold  is  tied  to  overcoming  dissipation  and  the  faster  than  linear  growth  of 
some  of  the  forcing  terms. 

We  will  assume  that  cyclone  scale  oscillations  are  not  an  essential  part  of  the 
intensification  process.  As}rmmetric  structures  may  be  an  important  part  of  the 
environment  that  affects  intensification,  but  these  will  not  be  considered  necessary  for 
intensification,  though  some  workers  have  taken  a  contrary  position  (e.g.  Molinari  and 
Vollaro  1989,  Challa  and  Pfeffer  1990,  Merrill  1988).  Asymmetries  in  the  upper  level 
will  only  be  considered  helpful  in  the  development  process  to  the  extent  that  they 
encourage  momentum  mixing  aloft  within  the  anticyclone,  but  not  as  an  “outside” 
infiuence. 
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The  we&kly  aoalinear  method  has  several  well  defined  steps.  The  steps  related 
to  linear  systems  will  be  examined  here  in  Part  I.  The  mathematical  procedures  are 
described  in  greater  detail  in  Handel  1990.  After  laying  out  the  basic  equations,  the 
system  is  linearized  and  the  resulting  eigenvalue  problem  solved.  The  first  order  lin¬ 
ear  system  is  homogeneous.  Only  the  stationary  case  result  is  needed,  otherwise  the 
solution  would  be  dominated  by  the  first  order  time  dependence  (though  cf.  Orszag 
and  Patera  1983  where  a  second  order  expansion  was  performed  on  slowly  decaying 
solutions).  Moist  convection  provides  a  major  complication  in  even  linear  problems. 
The  thermodynamics  of  updrafts  and  downdrafts  are  different,  so  matching  condi¬ 
tions  at  the  dividing  location(s)  must  be  met  in  addition  to  the  boundary  conditions 
(see  Haque  1952  for  perhaps  the  first  example  of  this).  The  domain  location  sepa¬ 
rating  these  regions  must  be  solved  for  as  an  additional  eigenvalue.  The  inclusion 
of  dissipation,  which  is  necessary  for  nontrivial  stationary  solutions,  leads  to  much 
higher  order  equations  than  in  the  earlier  CISK  theories.  Momentum  diffusion  also 
greatly  increases  the  value  of  the  forcing  parameter  needed  for  linear  instability  such 
that  the  ambient  vertical  potential  energy  even  in  the  most  favorable  parts  of  the 
tropics  is  insufficient  for  growth  from  infinitesimal  perturbations. 

2.  Physics  of  the  Model 

The  model  used  is  set  in  cylindrical  coordinates  (r,z),  where  r  and  z  are  the  radius 
and  height.  The  disturbance  is  centered  and  fixed  on  the  origin  of  the  coordinate 
system.  All  fields  are  assumed  to  be  axisymmetric.  The  coordinate  system  is  rotating 
and  the  Coriolis  parameter,  /,  is  constant.  Essentially,  the  model  has  two  layers.  .4 
third  layer  at  the  lower  boundary  is  treated  separately,  but  is  of  fixed  height.  The 
layers  are  designated  0  for  the  boundary  layer,  1  for  the  lower  layer,  and  2  for  the 
upper  layer.  Azimuthal  (or  tangential)  motion;  i.e.  the  velocities  vq,  ui,  and  vj;  will 
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b«  referred  to  as  the  primary  circulation.  Motion  in  any  (r,  z)-plane,  is  the  secondary 
circulation. 

We  will  follow  Ooyama  1969  closely  in  setting  up  the  basic  equations,  though 
not  at  all  in  solving  them.  The  three  layers  have  only  two  different  densities,  with 
the  lower  layer  and  the  boundary  layer  having  the  same  density,  defined  as  P|  =  Pq, 
P2  —  €  <  1.  This  assumption  is  made  strictly  to  keep  the  problem  as  simple 

as  possible.  The  inward  radial  mass  flux  is  defined  by  s  -hjUjrpjfpQ,  where  hj 
is  the  layer  thickness  and  Uj  is  the  (positive  outward)  radial  velocity.  The  layout  is 
illustrated  in  figure  1.  In  general,  subscripts  will  always  designate  the  layer  to  which 
the  variable  applies,  with  a  generic  subscript  of  j  indicating  that  the  expression 
applies  to  all  layers. 


2.1.  Mass  and  Momentum  Equations 


Continuity  of  mass  is  maintained  in  each  layer.  The  boundary  layer  is  assumed  to 
have  constant  thickness  with  respect  to  both  space  and  time,  so  ^  =  0  and  ^  s  0. 
The  resulting  continuity  equations  are: 


0  =  ^- 

r  dr 


w 


dt  rdr  ^ 

w  s  u;'*’  —  u;"  =  vertical  velocity  out  of  boundary  layer 
(«;■*■  (upward)  >  0,  w~  (downward)  >  0] 


(2.1) 

(2.2) 

(2.3) 


Q  =  Q'*'  —  Q~  =  interlayer  mass  flux  (velocity  units) 
between  layers  1  and  2 
(<?■'■  (upward)  >  0,  Q~  (downward)  >  0]. 


The  vertical  velocity  out  of  the  boundary  layer,  and  the  interlayer  mass  flux  from 
latent  heat  release  and  diabatic  processes,  are  separated  into  upward  and  downward 
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motions,  both  of  which  are  defined  to  be  nonnegative.  There  can  be  both  upward  and 
downward  interlayer  mass  fluxes  at  the  same  radius,  simultaneously.  This  indicates 
that  there  are  parameterized  processes  on  scales  smaller  than  those  resolved. 

The  equations  for  angular  momentum,  Mj  =  vjr  +  /r^/2,  are 

|(/ioA/o)  =  -  Zoi  +  Z.  (2.4) 

+  Ai)  —  ^12  +  Zoi  (2.5) 

t-^{hiM2)  —  +  A2)  +  Z12  (2.6) 

where  the  Aj  represent  the  lateral  eddy  fluxes  of  angular  momentum,  and  Z„  Zij 
represent  the  vertical  fluxes  of  angular  momentum.  In  the  boundary  layer,  lateral 
diSusion  has  been  assumed  to  be  much  less  than  the  surface  stress  and  is  ignored. 
The  vertical  fluxes  are 


Z,  *  -• r,r/A, ,  T,  =  +  CoKK)  (2-7) 

Zoi  =  -  Afitn”  +  v{Mq  —  Mi)  (2.8) 

Zn  =  A/iQ+  -  M2Q-  +  MA/i  -  A/2)  ,  (2.9) 


where  r,  is  the  surface  stress,  fc,  is  a  linear  drag  coefficient  with  velocity  units,  and  Cp 
is  a  dimensionless  quadratic  drag  coefficient.  Interlayer  fliction  is  included  with  the 
linear  coefficients  n  and  1/.  The  lateral  eddy  flux  of  angular  momentum  is  assumed 
to  follow  a  simple  Fickian  diffusion  law  with  respect  to  solid  body  rotation: 


A>=*yW’|:(^)  =  V’|:(^)  . 


(2.10) 


where  Xj  is  an  eddy  diffusivity,  kj  =  (jXjhj  is  a  layer  integrated  diffusion  coefficient, 
and  Cl  =  1,  €2  =  c  • 


163 


The  pressure  field  will  be  assumed  to  be  hydrostatic,  so 


«»(*■.  *  9flo(f*o  +  hi  +  -  r), 

Pi(r,  z)  *  gpoiho  +  hi  +  ehj  -  z), 
P2(r,  z)  ss  ^€po(ho  +  hi  +  ha  -  z), 


0  <  z  <  ho 

ho  <  z  <  ho  +  hi 

ho  +  hi<z<ho  +  hi+ha, 


(2.11) 


where  g  is  the  accleration  due  to  gravity.  Since  homogeneous  layers  are  assumed, 
the  geopotential  perturbations  are  s  [p,  -  p5®^(z)]  /p^,  where  the  superscript 
(0)  refers  to  values  for  the  state  of  no  motion.  The  lowest  order  balance  in  a  tropical 
cyclone  is  the  gradient  wind: 


(2.12) 


This  diagnostic  constraint  provides  the  link  between  development  of  the  pressure  and 
tangential  velocity  fields.  The  changes  in  these  fields,  however,  are  controlled  more 
by  the  secondary  circulation,  ftom  eqs.  (2.11),  the  definition  of  the  and  (2.12), 
it  is  then  clear  that  vq  s  vi  and  Mq  ^  Mi.  Hence,  the  term  proportional  to  i/  in 
eq.  (2.8)  vanishes  and  vi  can  replace  vq  in  the  stress  law  of  eq.  (2.7). 

Substituting  the  expressions  for  the  vertical  fiux  of  angular  momentum,  (2.7)- 
(2.9),  into  the  equations  for  conservation  of  angular  momentum,  (2.4)-(2.6),  yields 


dvir  .  ,  T,r 

(2.13) 

^1^-  =  Ci^i  +  (Q“  + /i)(u2  -  t;i)r  +  ^ 

(2.14) 

~  7^  ' 

(2.15) 

r,  s  /  +  are  the  total  vorticity  and  Co  =  Ci- 

Combining  the  equation  for  continuity  in  the  boundary  layer  (2.1),  with  a  radial 
derivative  of  the  equation  for  conservation  of  angular  momentum  (2.13)  yields  an 
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expresnon  for  the  vertical  pumping  out  of  the  boundary  layer, 


d  k,TV\  -h  Ci?r|vi|t;i  + 

’■3r[ 


(2.16) 


The  terms  due  to  friction  (those  proportional  to  k,  or  Co)  are  the  Ekman  pumping, 
though  we  may  occasionally  refer  to  the  whole  of  the  mechanically  forced  vertical 
velocity  under  this  rubric.  For  the  low^t  order  solutions,  which  will  be  linear,  the 
stress  is  then  linearly  proportional  to  the  tangential  velocity  and  the  Ekman  pumping 
is  proportional  to  the  relative  vorticity.  Ekman  pumping  and  radial  profiles  of  vertical 
velocity  are  discussed  further  in  Part  III  (Handel  1992). 


2.2.  Diabatic  Processes 

Parameterization  of  the  vertical  mass  fiux  in  response  to  heating^  and  cooling  is  one 
of  the  more  crucial,  yet  ad  hoc,  parts  of  this  model.  There  exist  far  more  sophisticated 
schemes  for  parameterizing  cumulus  convection  than  the  one  used  here,  but  on  the 
whole  they  are  not  yet  amenable  to  analytic  treatment  by  most  mortals. 

The  positive  vertical  interlayer  mass  flux  is  taken  such  that  Q"*"  =  tjw'*',  where 
t;  is  a  nonnegative  entrainment  parameter.  This  assumes  that  cumulus  heating  and 
entrainment  only  occur  where  there  is  Ekman  pumping  out  of  the  boundary  layer.  As 
already  noted,  this  is  the  central  assumption  of  CISK.  In  a  mature  hurricane  there 
are  often  convective  bands  outside  of  this  region.  However,  in  weak  disturbances 
there  is  much  less  convection  outside  of  the  central  region  and  what  convection  there 
is  tends  to  be  scattered.  Scattered  convection  will  not  have  any  great  effect  on  the 
organized  lateral  mass  flow  of  the  cyclone.  Since  we  will  not  allow  both  w*  and  w~ 
to  be  nonzero  simultaneously,  it  will  be  easier  to  include  the  requirement  that  Q'^ 

^Following  Schubert  and  Hack  (1982),  by  heating  we  refer  to  ^  and  by  warming  to 
where  is  the  potential  temperature. 
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vanisli  when  w'*’  s  0  in  the  definition  of  17  rather  than  the  definition  of  Q"*".  So,  we 
set 


Q-*-  ssTiw  ,  (2.17) 

with 

1  +  ^0-112(2  ,  to  >0 
Xa-Xi 

0  ,  to  <0 

Xo  s  $t  of  boundary  layer 

Xi  s  of  lower  layer 
X2  s  0“  of  upper  layer  , 

where  0^  is  the  equivalent  potential  temperature  and  01  is  the  saturation  equivalent 
potential  temperature.  A  schematic  of  the  parameterization  is  included  in  figure  1. 

It  is  assumed  that  saturated  cloud  air  has  nearly  the  same  potential  temperature 
{0  not  d«)  as  its  environment  when  it  readies  the  upper  layer,  and  that  the  x>  tnix 
linearly.  The  amount  of  lower  layer  air  entrained  is  the  amount  that  neutralizes  the 
boundary  layer  air  with  respect  to  the  upper  layer.  The  buoyancies,  or  potential 
temperatures,  of  two  parcels  are  approximately  equal  when  their  saturation  equiva¬ 
lent  potential  temperatures  are  equal,  which  ignores  the  effects  of  water  in  all  of  its 
phases.  For  a  saturated  parcel,  0^  =  and  there  is  little  difference  between  these 
two  measures  at  high  altitude.  Cloud  air  is  then  neutral  with  respect  to  the  upper 
layer  when  its  0^  (equal  to  [xo  +  (>7  -  l}Xi]/^  by  ^be  mixing  assumptions  just  given) 
matches  01  of  the  upper  layer  (equal  to  Xz)-  This  assumes  that  most  entrainment  is 
lateral  rather  than  at  cloud  top.^  The  only  case  we  will  be  concerned  with  is  where 

^Entrainment  and  mixing  are  not  equivalent,  though  the  distinction  is  avoided  here. 
There  can  be  large  amounts  of  entrainment  and  still  have  undilute  parceb  reaching  cloud 
top.  Further,  it  can  be  the  case  that  though  most  of  the  entrainment  is  lateral,  parcels 
reaching  the  cloud  top  mix  mostly  with  other  parcels  at.  the  upper  reaches  of  the  cloud. 


(«;+  >  0) 
(«;+  *  0) 


(2.18) 
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Tj  >  1  and  Xo  >  X2  >  Xi-  In  case  the  two  main  layers  are  stably  stratified  and 
the  boundary  layer  is  conditionally  unstable. 

With  use  of  this  scheme  there  is  no  prognostic  thermodynamic  equation.^  Even 
though  it  is  assumed  that  there  is  sufficient  entrainment  to  neutralize  boundary  layer 
parceb  with  respect  to  the  upper  layer,  this  situation  is  not  ‘^neutral” .  There  is  a  real 
vertical  instability  at  work  here.  It  is  only  that  the  evolution  of  the  temperature  field 
is  slow  and  the  vertical  accelerations,  per  se,  are  irrelevant  to  the  problem.  Rather,  it 
is  the  symmetric  entrainment  caused  the  heating  and  vertical  acceleration  that  is 
crucial.  This  is  consistent  with  the  analysis  of  Schubert  et  al.  (1980)  showing  that  a 
cloud  cluster  is  far  more  efficient  in  spinning  up  a  vortex  through  its  vorticity  import 
than  through  direct  heating. 

To  spin  up  a  tropical  cyclone,  angular  momentum  must  be  transported  inward 
throughout  a  fairly  thick  layer  (about  5  km).  The  magnitude  of  Xo  ”  Xa*  found  in 
the  numerator  of  eq.  (2.18),  is  a  measure  of  the  convective  potential  energy  available 
to  drive  the  system.  To  advect,  entrain,  and  then  vertically  stretch  a  parcel  from 
the  lower  layer,  the  static  stability  between  the  layers  must  be  overcome.  Hence, 
decreasing  Xa  ~  Xii  found  in  the  denominator  of  eq.  (2.18),  increases  the  forcing 
parameter.  Increasing  Xo  boundary  layer  only  increases  the  numerator  in  tj. 

Decreasing  x?  cooling  the  upper  layer  does  double  duty. 


Once  released,  an  unstable  parcel  will  rise,  release  heat  through  condensation,  and  accel* 
erate  upwards.  The  acceleration  and  heat  release  will  induce  an  accompanying  solenoidal 
circulation.  Fluid  that  flows  inward  toward  the  path  of  the  rising  parcel  and  follows  it 
upward  should  be  considered  as  entrained,  though  no  mixing  has  occurred. 

closely  related  scheme  was  recently  used  by  FVaedrich  and  McBride  (1989),  while 
examining  the  CISK  model  of  Chamey  and  Eliassen,  but  who  seem  to  be  under  the  misim- 
pression  that  elimation  of  a  prognostic  thermodynamic  equation  is  similar  to  a  lack  of  re¬ 
liance  on  a  large  reservoir  of  convective  potential  energy.  The  dynamics  of  their  “free-ride” 
balance  are  essentially  the  same  as  that  of  Ooyama's  parameterization  from  twenty-five 
years  earlier,  used  here. 
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In  a  hydrostatic  model  it  is  impossible  to  close  the  secondary  circulation  of  a 
steady  solution  without  some  diabatic  cooling  process.  The  simplest  parameteriza¬ 
tion  of  such  a  process  is  Newtonian  radiative  cooling.  Cooling  is  set  proportional 
to  the  difference  between  the  mean  potential  temperature  with  no  motion  and  the 
mean  potential  temperature  of  the  two  layers, 

Q-  =  -  ««') ,  (2.19) 


where  /?  is  a  cooling  constant  in  units  of  msec~*K~*  and  is  6^  for  the  rest  state. 
Between  two  given  pressure  surfaces,  the  mean  temperature  is  proportional  to  the 
thickness  between  the  surfaces: 


e  g(0)- 


(2.20) 


where  itj  =  (poi/Poo)^^^i  ^  specific  heat  of  dry  air  at  constant  pressure,  and 
poj  is  an  average  pressure  for  the  layer  j.  Making  use  of  the  gradient  wind  relation. 


eq.  (2.12), 


dB„  ^  + 

dr  Cp()r,  -  Vi) 


(2.21) 


This  assiunes  that  ^  <.  or  that  f  1,  which  holds.  This  also  assumes 

that  Bn  5=  Bj^^  where  ^  s  We  then  obtain  an  expression  for  the  radial  derivative 

of  the  cooling,  though  not  the  cooling  directly: 


where  6  s  0/[cp(iri  —  7r2)j.  Radiative  cooling  is  allowed  everywhere  in  the  domain. 
A  shortcoming  of  this  scheme  is  that  there  is  no  difference  in  cooling  rates  between 
cloudy  and  cloud  free  regions  (see  W.  Frank  1977  for  observational  evidence  of  the 
importance  of  this  difference).  In  real  tropical  cyclones  the  decreased  radiative  cool- 
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ing  in  cloudy  regions  may  encourage  intensification,  though  in  the  scheme  used  here 
the  cooling  is  strictly  dissipative. 

We  will  also  need  to  determine  the  variations  of  the  Xj  affect  both  and 
Q~.  In  the  boundary  layer 

^  +  00^  +  ^(X„  -  X,)  =  (2-23) 

where  Cc  is  a  bulk  exchange  coefficient  and  is  a  diffusion  coefficient.  The  equiv¬ 
alent  potential  temperature  of  a  parcel  saturated  at  the  sea  surface  temperature  is 
designated  Xj-  This  value  was  kept  fixed  in  the  weakly  nonlinear  calculations,  though 
for  strong  disturbances  it  must  be  taken  as  a  function  of  surface  pressure  and  would 
provide  an  additional  boost  for  intensification. 

The  value  of  Xi  ^1  be  assumed  constant  and  there  is  no  turbulent  entropy 
exhange  between  the  boundary  and  lower  layers  in  eq.  (2.23).  This  was  done  mostly 
for  simplicity  and  in  retrospect  may  have  been  less  than  wise.  As  will  be  seen  in 
Part  II,  a  consequence  of  this  is  unrealistic  growth  of  Xo  for  realistic  values  of  the 
bulk  transfer  coefficient  Cg. 

There  are  also  changes  aloft.  The  first  order  pressure  changes  are  the  result  of 
changes  in  the  thickness  of  the  layers,  not  changes  of  the  potential  temperature  or 
density  within  each  layer.  At  next  order  the  atmosphere  must  be  warming  up  due  to 
the  latent  heat  release,  which  is  tied  to  the  change  of  layer  thickness.  In  the  upper 
layer  the  perturbations  will  be  approximated  as 

=  +  (2.24) 

This  assumes  that  changes  in  the  saturation  equivalent  potential  temperature  are  E 
times  the  perturbations  of  the  potential  temperature  in  the  upper  troposphere.  We 
will  set  E  =  1 .2.  This  ratio  is  also  approximately  equal  to  ratio  of  the  dry  adiabatic 
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lapse  rate  to  the  moist  adiabatic  lapse  rate  in  the  upper  troposphere.  The  mean 
temperature  perturbation  is  as  determined  eq.  (2.20).  The  assumption  that  most 
of  the  mean  column  temperature  perturbation  is  in  the  upper  layer  is  supported  by 
observations  such  as  those  shown  in  Hawkins  and  Rubsam  1968. 

3.  Linear  Theory 

The  inviscid  linear  analysis  presented  in  Ooyama  1969  is  an  inappropriate  starting 
point  for  weakly  nonlinear  analysis  since  it  admits  no  stationary  solutions  with  mo¬ 
tion  in  the  lower  layer.  It  also  fails  to  consider  the  differences  in  the  moist  physics 
between  regions  with  ascent  and  those  with  descent.  The  stationary  system  with 
friction  will  be  the  basis  of  the  finite  amplitude  expansions  in  Part  H,  though  we 
will  briefiy  examine  the  linear  time  dependent  case  here.  Examination  of  this  linear 
system  will  show  why  the  growth  of  hurricane-like  disturbances  from  inifinitesimal 
disturbances  is  unlikely.  A  major  complication  in  performing  a  linear  analysis  of  this 
system  is  the  difference  in  the  dynamics  of  updrafts  and  downdrafts,  resulting  in  a 
double  eigenvalue  problem. 

3.1.  Expansions 

The  fields  will  be  expressed  with  an  amplitude  expansion.  The  azimuthal  velocity  in 
each  of  the  layers  is  represented  as 

u,  =  awj*’ -I- -h  •  •  •  (3.1) 

for  j  —  0,  1,  2.  The  nondimensional  amplitude,  a,  is  a  Rossby  number  measured 
as  a  =  V/{fL),  where  V  is  the  magnitude  of  the  velocity  perturbation  and  L  is  the 
length  scale  (as  yet  to  be  determined).  We  will  only  be  examining  solutions  that 
are  cyclonic  in  the  lower  layer  near  the  axis,  so  both  a  and  V  are  nonnegative.  The 


170 


nondimensional  amplitude  will  be  assumed  to  be  much  less  than  one,  while  the  radial 
structure  functions  are  for  the  time  being  dimensional  and  will  be  normal¬ 

ized  to  have  maxima  of  order  fL.  The  amplitude  of  stationary  solutions  will  have 
the  symbol  a  and  the  amplitude  of  infinitesimal  time  dependent  perturbations  will 
be  designated  d.  All  of  the  fields  of  motion  will  be  expanded  in  similar  fashion. 
Superscripts  in  parentheses  will  indicate  the  expansion  order  of  a  variable  or  param¬ 
eter.  Some  parameters  have  constant  values  in  the  absence  of  motion;  these  will  be 
designated  with  a  superscript  (0). 

It  will  also  be  necessary  to  expand  the  forcing  parameter,  r;,  and  the  growth 
rate,  7,  which  are  both  scalers.  The  parameter  rj  serves  as  the  forcing  parameter  of 
the  system.  At  lowest  order 


(0)  (0) 
„{o) ^  1 .  xy-x^ 


Xz  *"  Xi 


(3.2) 


For  stationary  solutions,  7^®^  =  0  and  7^^)  =*  0;  for  slowly  varying  solutions  7^®)  as 
0  and  7^^^  #  0.  To  determine  the  stability  boundaries  and  perform  the  weakly 
nonlinear  analyis,  only  stationary  and  slowly  varying  equations  are  needed.  Some 
limited  results  from  the  linear  time  dependent  system  will  be  presented  below,  but 
the  equations  will  not  be  examined  here  (they  can  be  found  in  Handel  1990). 

At  first  order  for  stationary  or  slowly  varying  solutions,  the  vertical  velocity 
expands  to 


ks  dry^ 
f  r  dr 


(3.3) 


the  Ekman  pumping  is  proportional  to  the  low  level  vorticity.  The  cumulus  heating 
expands  as 


g+(l)  ^  ^  ^(0) 


d) 


/  rdr 


(3.4) 
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aad  the  derivative  of  the  radiative  cooling  as 

-«<*•).  (3.5) 

3.2.  Linear  System 

One  could  directly  reduce  the  resulting  linear  problem  to  an  eighth  order  equation 
in  one  variable,  though  it  then  becomes  very  difficult  to  follow  the  physics.  This  also 
requires  taking  several  derivatives  of  the  discontinuous  parameter  17,  which  is  very 
problematic  when  it  comes  time  to  impose  matching  conditions  at  the  boundaries 
between  ascent  and  descent  regions.  There  is  a  clearer  way  to  proceed  using  a  vector 
equation.  Two  new  variables,  proportional  to  the  radial  flow,  are  now  introduced: 
U3  s  (//k,)V'i/r,  V4  s  {flk,)^^/T.  The  constants  k,  and  /  are  included  in  the 
definitions  to  make  vj  and  V4  have  the  same  units  (velocity)  as  vi  and  vj.  Neither  of 
those  constants  will  ever  be  set  to  zero,  since  that  would  eliminate  the  basic  driving 
physics  of  the  problem. 

The  linear  stationary  versions  of  the  momentum  equations  (2.14)  and  (2.15)  at 
lowest  order  are 

0  =  +  7i(t4^^  -  vS*  V  +  (3.6) 

0  =  +  k,^4^r  .  (3.7) 

The  first  term  in  each  of  these  represents  lateral  diffusion  of  angular  momentum, 
the  second  term  is  the  vertical  diffusion,  and  the  last  term  is  the  lateral  advection 
of  planetary  vorticity  by  the  secondary  circulation  (though  the  factor  /  is  hidden 
in  the  definitions).  The  overbars  indicate  stationary  solutions.  The  box  operator  is 
defined  as  ^  (^)'  Though  the  operator  has  been  defined  in  terms  of  partial 

derivatives,  the  same  notation  will  be  used  when  full  derivatives  with  respect  to  r 
are  intended. 
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The  radi&l  derivative  of  the  first  order  stationary  version  of  the  continuity  equa¬ 
tions  (2.2);  with  the  first  order  expansion  of  w,  eq.  (3.3);  the  substitution  of  the 
heating  parameterization,  eq.  (3.4);  the  cooling  parameterization,  eq.  (3.5);  and  mul¬ 
tiplication  throughout  by  Tk^^flk,\  is 


0  = 

dr 


(n^“’  - 1) 


rdr 


l.(0)t  f2 

+  (3.8) 


The  first  term  here  is  the  derivative  of  the  lateral  flow  divergence,  the  next  terms  are 
the  derivatives  of  the  vertical  transport  to  the  upper  layer  and  the  vertical  transport 
from  the  lower  layer,  and  the  last  term  is  the  derivative  of  the  descent  into  the  lower 
layer  from  radiative  cooling. 


Rather  than  use  the  upper  level  continuity  equation  (2.3),  we  use  the  sum  of 
the  continuity  equations.  Integrating  once,  with  the  boundary  condition  of  no  flow 
at  the  origin,  yields 


(3.9) 


Since  we  will  be  dealing  with  two  separate  domains,  the  application  of  the  boundary 
condition  at  the  origin  does  not  constrain  the  integral  of  the  summed  continuity 
equations  in  the  outer  region.  The  boundary  condition  that  there  is  no  net  lateral 
flow  at  the  outer  boundary  of  the  domain  leads  to  the  same  result  for  the  outer 
region.  The  three  terms  are  proportional  to  the  inward  horizontal  transport  in  the 
boundary  layer,  lower  layer,  and  upper  layer,  respectively.  The  last  four  equations 
can  be  reduced  to  three,  using  eq.  (3.9)  to  eliminate  uj**.  This  reduced  system  can 
easily  be  expressed  in  matrix  form  but  is  not  written  out  here. 

Since  we  will  later  be  determining  solvability  conditions  on  inhomogeneous  ver¬ 
sions  of  the  linear  system,  it  is  necessary  to  construct  the  adjoint  system.  It  would 
be  preferable,  however,  to  transform  the  linear  system  into  one  that  is  self-adjoint. 
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a  process  that  does  not  affect  the  linear  solutions.  The  transformed,  self-adjoint 
system  for  v  ss  (vi,  W2,  W3)  is: 


r£  *  0  (3.10) 

where 

KM-M-BK*  +  1-t7‘®>  M-BK  1 

B  *  M  -  BK  -B  0 

<1  0  0 

'  ^j^-M-l-BK-B  +  B  ' 

x=.  ^  M 

I  I  i  i 

with  the  nondimensional  parameters  defined  as  M  s  /i/Ar«,  K  =  and  B  s 

At  the  center  (origin),  the  tangential  velocities  and  the  radial  transports  must 
vanish.  The  same  conditions  will  be  used  at  the  outer  boundary  of  the  domain, 
r  =  ri,  so 

vUo  =  0  and  =  0  (3.11) 

provide  all  of  the  boimdary  conditions  in  vector  form. 

One  of  the  major  complications  in  this  problem  is  the  discontinuity  in  the  co¬ 
efficients  of  the  linear  equations  at  the  boundaries  between  updraft  and  downdraft 
regions.  We  will  assume  that  the  region  closest  to  the  origin  has  positive  w  and 
that  there  is  only  a  single  region  outside  of  that,  with  Ekman  suction  throughout. 
By  solving  this  system,  we  will  show  that  this  assumption  is  consistent,  though  it  is 
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probably  not  unique.  The  internal  boundary  where  u;  =  0  is  labeled  tq,  and  there, 
at  first  order, 


rdr 


*0  . 


(3.12) 


This  is  required  through  eqs.  (2.18)  and  (3.3).  It  will  be  necessary  to  find  tq  as  an 


eigenvalue  of  the  problem. 

There  must  be  as  many  matching  conditions  at  the  boundary  between  these  two 
regions  as  the  order  of  the  system,  which  is  the  same  as  the  number  of  boundary 
conditions  imposed  at  the  two  endpoints.  The  required  matching  conditions  are  that 
all  of  the  Vj  and  their  first  derivatives  (or  equivalently  are  continuous.  These 
conditions  can  be  derivec  vigorously  by  integrating  eq.  (3.10)  across  ro  assuming  only 
that  V  is  finite  in  a  small  neighborhood  of  tq.  For  matching  conditions  we  require 
that  the  vectors 


and 


— ; —  are  continuous  at  tq  . 
rdr 


(3.13) 


3.3.  Basis  Functions  and  Nondimensionalization 

Since  ^  because  of  eq.  (3.12),  we  can  replace  eq.  (3.10)  with 

=  0  .  (3.14) 


Both  B  and  A  are  piecewise  constant  matrices.  Therefore  we  can  deal  separately 
with  each  region  as  a  standard  linear  problem.  In  the  ascent  region  we  will  assume 
that  the  solutions  are  sums  of  first  order  Bessel  functions  so  that  =  -m^v. 
The  m*  then  satisfy  det  (k,A  -  —  0.  For  m*  <  0,  the  solutions  are 

modified  Bessel  functions.  The  simplest  nondimensionalization  uses  a  length  scale  of 
L  =  I  kg.  For  any  limits  that  still  allow  stationary  hurricane- like  solutions,  both 
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of  the  parameters  used  are  kept  finite.  The  square  of  the  nondimensional  wavenum¬ 
bers  (in  roman  type)  are  transformed  as  m^  =  The  nondimensional 

wavenumbers  satisfy 

Km«  -  -  1  -  M(H-  K)]  -I-  (M  -t-  B(1  +  K)Im2  -h  B  =  0  .  (3.15) 

The  degree  of  this  expression  implies  that  there  are  six  linearly  independent  solutions 
to  eq.  (3.14)  in  the  ascent  region.  The  frictional  dependence  of  the  form  of  the 
linear  solutions  has  now  been  greatly  simplified.  Rather  than  needing  the  not-well- 
known  magnitudes  of  the  frictional  parameters,  we  need  only  their  ratios.  It  is 
straightforward  tc  derive  the  dispersion  relation  for  the  time  dependent  problem. 
The  result  is  eighth  order  in  m,  second  order  in  7,  and  requires  four  additional 
nondimensional  parameters:  three  pertaining  to  the  layer  depths  and  one  to  the 
reduced  gravity.  Some  results  from  this  will  be  discussed  below  and  shown  in  figure  3. 

If  all  of  the  roots  m*  were  negative,  i.e.  there  were  no  Bessel  function  solutions 
but  only  modified  Bessel  function  solutions,  or  any  of  the  roots  are  complex,  it  would 
be  impossible  to  satisfy  the  homogeneous  boundary  conditions  at  the  origin  and 
the  matching  conditions,  except  with  the  trivial  solution.  These  conditions  provide 
requirements  for  a  minimum  value  of  which  will  be  designated  rf'P.  This  in  fact 
is  the  same  minimum  value  required  for  the  existence  of  linearly  unstable  modes 
in  the  ascent  region.  However,  this  is  not  necessarily  the  critical  value  for  linearly 
unstable  solutions  meeting  the  boundary  conditions  and  the  matching  conditions  [see 
discussion  on  p.  27]. 

Some  limiting  cases  are  helpful.  In  the  limit  of  small  radiative  cooling  (B  < 
M,l) 

H-M(l-HK)-l-2v/ffi-l-B(H-K)v^1^-f-BKVM  .  (3.16) 
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It  is  worth  noting  that  for  believable  values  of  the  frictional  coefficient  ratios,  this 
lower  bound  on  is  significantly  greater  than  1  s  1  for  the  inviscid  case). 
Plots  of  rf'P  are  provided  in  figures  2.  Note  that  in  the  singular  limit  of  K  -*  0,  then 

=  1  +  M  is  the  requirement  for  at  least  one  positive  value  for  m^.  The  lower 
bound  increases  rapidly  with  M,  though  more  slowly  with  K.  This  difference  becomes 
less  pronounced  as  one  increases  B.  The  graph  does  not  extend  to  larger  values  of 
the  parameters  because  these  lead  to  values  of  so  large  as  to  be  irrelevant. 

Figure  3  shows  growth  rate  as  a  function  of  squared  wavenumber  using  several 
values  of  the  forcing  parameter,  for  basis  functions  with  unconditional  heating 
(cooling  in  descent  regions).  These  functions  are  not  solutions  to  the  boundary 
value  problem,  which  are  discussed  below.  The  growth  rate  is  scaled  as  T  *  7//. 
Parameter  values  are  set  at  M  =  0.5,  K  =  0.2,  B  =  0.005,  €  —  0.4.  The  layer  depths 
were  set  at  ho  ~  i  lun,  hi  s  hj  ~  5  km.  The  curves  are  similar  to  those  found  in 
figure  3  of  Ooyama  1969.  However,  the  critical  value  for  of  2.74  is  much  greater 
than  that  found  by  Ooyama  of  about  1.1.  This  is  mostly  due  to  the  smaller  value  of 
kt  and  the  larger  value  of  n  chosen  here.  Though  the  maximum  growth  rate  increases 
faster  than  linearly  with  increase  in  when  is  nearly  4  the  growth  rate  is  still 
only  about  0.05/.  This  is  still  much  slower  growth  than  is  observed  for  larger  than 
observed  amounts  of  the  forcing  parameter.  When  we  consider  only  solutions  to  the 
full  boundary  value  problem,  the  growth  rates  will  drop  even  lower. 

3.4.  Linear  Solutions 

An  example  of  a  solution  to  the  linear  stationary  problem  is  shown  in  figure  4.  Solu¬ 
tions  were  found  as  two  linear  combinations  of  Bessel  and  modified  Bessel  functions 
for  the  ascent  and  descent  regions  separately.  Each  of  the  chosen  Bessel  functions 
satisified  the  basic  linear  equations  in  their  respective  regions.  A  double  iterative 
scheme  was  used  to  find  the  basis  function  coefficients  and  the  two  eigenvalues  for  tq 
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and  such  that  the  boundary  and  matching  conditions  were  satisified.  The  eigen¬ 
value  of  the  forcing  parameter  is  designated  It  is  the  only  value  of  the  forcing 
parameter  compatible  with  boundary  conditions,  matching  conditions,  and  physical 
parameters  for  a  stationary  solution.  Due  to  the  insensitivity  of  77^*’^  with  respect 
to  changes  in  ri,  it  was  not  possible  to  fix  and  search  for  as  an  eigenvalue. 
Further  details  on  the  iterative  scheme  can  be  found  in  Handel  1990. 

In  the  time  dependent  tropical  cyclone  related  problems  of  say  Haque  (1952) 
and  Chamey  and  Eliassen  (1964),  there  was  no  additional  constraint  corresponding 
to  eq.  (3.12)  and  a  problem  with  only  a  single  eigenvalue  was  needed.  This  allowed 
a  continuous  relation  between  the  growth  rate  and  the  horizontal  length  scale  of 
the  updraft,  with  the  downdraft  extending  out  to  infinity.  The  works  of  Bretherton 
(1987)  and  Emanuel  et  of.  (1987)  are  more  closely  related  mathematically  to  the 
problem  presented  here,  i.e.  they  have  different  physics  in  two  different  regions  and 
an  additional  condition  leading  to  a  double  eigenvalue  problem,  though  they  are 
not  on  tropical  cyclones.  In  those  works  the  two  parameters  that  were  varied  as 
eigenvalues  where  the  divider  between  the  regions  of  different  physics  and  the  growth 
rate.  Instead  of  a  continuous  relationship,  the  solution  set  is  a  countable  (though 
infinite)  set  of  points  in  the  parameter  space  of  length  scale  and  growth  rate,  with 
interest  primarily  in  the  solution  with  only  a  single  updraft  in  the  inner  region. 

What  separates  the  problems  with  two  eigenconditions  from  those  with  only  one 
is  the  requirement  that  w  vanish  at  ro,  rather  than  just  change  sign  with  a  jump 
discontinuity.  This  requirement  is  imposed  here  because  the  problem  is  viscous.  In 
the  inviscid  problem  there  can  be  a  jump  discontinuity  in  the  vertical  velocity.  If 
a  jump  is  allowed,  there  is  no  condition  that  “defines"  tq;  it  can  vary  over  a  range. 
Here,  when  stationary  solutions  are  being  considered,  the  growth  rate  is  zero  and 
additional  parameter  is  still  needed  to  be  determined  as  an  eigenvalue  of  the  system. 
The  problem  was  solved  by  varying  with  a  fixed  outer  boundary. 
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For  the  solutions  to  the  linear  time  dependent  problem,  used  to  generate  fig¬ 
ure  5,  the  growth  rate  was  set  and  the  value  of  was  sought.  This  kept  the  solution 
procedures  for  the  stationary  and  time  dependent  problems  similar.  The  time  depen¬ 
dent  problem,  however,  was  higher  order  and  required  two  additional  basis  functions 
in  each  region. 

Several  basic  features  should  be  noted  in  the  linear  stationary  solution.  The 
lower  layer  has  cyclonic  circulation  throughout  the  domain,  >  0.  In  the  upper 
layer  the  flow  is  everywhere  anticyclonic,  <0.  It  is  appropriate  for  a  solution 
applying  to  a  young  disturbance  not  to  be  cyclonic  at  small  radius  in  the  upper  layer 
since  the  air  flowing  outward  did  not  begin  with  large  amounts  of  angular  momentum. 
This  is  also  consistent  with  the  observations  of  Black  and  Anthes  (1974)  that  weak 
cyclones  and  ones  still  in  early  development  do  not  have  a  cyclonic  regime  in  the 
outflow.  There  is  inflow  throughout  the  entire  lower  layer,  >  0.  The  maximum 
strength  of  the  anticyclone  aloft  is  at  a  greater  radius  (about  double)  than  that  of 
the  maximum  wind  of  the  the  low  level  cyclone. 

The  vertical  velocity  is  greatest  in  the  center.  (Linear  and  nonlinear  drag  laws 
lead  to  very  different  spatial  distributions  for  the  Ekman  pumping,  and  it  is  a  linear 
drag  law  which  controls  the  lowest  order  solutions  here.)  The  radius  of  maximum 
cyclonic  winds  is  smaller  than  the  radius  where  w  crosses  zero.  It  is  also  of  or¬ 
der  one  nondimensionally  and  in  Part  II  will  be  taken  to  be  of  order  L  ~  100  km 
dimensionally. 

Note  that  only  the  values  of  B,  K,  M,  and  rj  are  needed  for  the  linear  stationary 
calculation.  The  solution  in  the  figure  has  been  normalized  so  that  the  maximum 
of  is  one  and  the  length  scale  is  nondimensionalized  with  r  =  r/L.  Velocities 
in  the  lower  and  upper  levels  are  directly  comparable.  The  vertical  velocity  can  be 
obtained  from  the  curve  for  after  scaling  by  k^fifL)  =  ~  3*  10“'* 

for  comparison  (see  Part  II  for  a  discussion  of  parameter  values).  The  lower  level 
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horizontal  velocity,  indirectly  given  by  V3,  must  be  scaled  by  -  — 10~* 

for  comparison. 

All  of  the  parameters  will  be  kept  fairly  small.  Large  values  of  M,  K,  and  B, 
would  lead  to  unrealistically  large  requirements  for  We  will  later  make  use  of 
solutions  with  of  order  2.  Even  an  of  order  2  seems  to  imply  a  much  greater 
amount  of  convective  available  potential  energy  (CAPE)  than  even  those  who  believe 
that  CAPE  exists  would  claim.  However,  when  the  linear  solutions  are  used  in  the 
nonlinear  calculations  of  Part  II,  it  will  be  seen  that  solutions  with  an  of  say 
2.5  are  relevant  to  finite  amplitude  disturbances  in  an  environment  with  an  ambient 
forcing  parameter,  q,,,  of  say  1.2,  which  does  not  require  a  large  amount  of  positive 
buoyancy  for  lifted  parcels. 

The  assumption  that  the  vertical  diflfusion  ratio,  M,  is  small  is  equivalent  to 
assuming  that  the  strong  surface  friction  exceeds  internal  vertical  momentum  mixing. 
In  other  theoretical  modeb  this  is  usually  taken  to  be  zero.  In  a  mature  hurricane, 
with  large  vertical  convective  transports,  the  diffusive  momentum  transports  are  of 
the  same  order.  For  the  linear  case,  where  the  explict  inclusion  of  cumulus  momentum 
transports  does  not  yet  appear,  the  parameterized  turbulent  transport  serves  as  a 
proxy.  The  values  chosen  for  M  will  fall  mostly  in  the  range  from  0.1  to  0.5. 

For  K  to  be  small,  momentum  diffusion  must  be  greater  in  the  upper  layer 
than  in  the  lower  layer.  We  will  assume  that  this  is  the  case.  This  is  justified 
by  the  presence  of  the  unresolved  asymmetries  and  jet-like  structures  of  the  upper 
layer,  along  with  inertial  instabilities  on  short  time  scales.  The  large  deviations  from 
cylindrical  symmetry  create  much  greater  internal  velocity  gradients  than  appear  in 
the  azimuthally  averaged  quantities.  Our  axisymmetric  model  can  compensate  for 
the  lack  of  asymmetries  aloft  through  a  greater  eddy  viscosity.  Both  observational 
and  modelling  works  (e.g.  Challa  and  Pfeffer  1990  and  the  references  cited  therein) 
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have  also  shown  that  momentum  mixing  is  stronger  and  more  important  aloft.  So, 
the  values  chosen  for  K  will  also  fall  mostly  in  the  range  from  0.1  to  0.5. 

Radiative  cooling  is  a  weak  process  compared  to  the  others  in  this  system, 
though  still  necessary  to  close  the  circulation  of  steady  solutions.  In  the  downdraft 
region,  if  B  is  made  too  large,  oscillatory  solutions  would  develop  (some  must 
be  complex),  greatly  complicating  the  problem.  We  arbitrarily  restrict  B  to  prevent 
this,  but  choose  it  to  be  nearly  as  large  as  this  limit. 

Solutions  were  determined  for  a  range  of  the  independent  parameters.  Properties 
of  these  solutions  are  shown  in  table  1.  It  can  be  seen  from  items  7-9  and  14-18 
that  there  is  little  variation  in  the  form  of  the  solutions  as  ri  varies,  nor  is  there 
much  variation  in  the  eigenvalue  for  except  as  ri  approaches  tq.  As  ri  increases, 
evaluation  of  the  growing  Bessel  and  modified  Bessel  functions  becomes  less  accurate. 
Hence,  the  very  weak  nonmonotic  variations  of  and  ro  with  increasing  ri  may 
be  an  artefact  of  the  limitations  of  the  function  evaluation  algorithms  and  should  be 
viewed  with  caution.  The  lack  of  sensitivity  of  to  variation  of  ri  is  why  it  is  not 
possible  to  vary  ri  in  search  of  eigenvalues.  Given  a  parameter  set  {M,  K,  B},  there  is 
only  a  very  small  range  of  for  which  solutions  exist.  At  its  minimum,  r/^®^  is  still 
significantly  greater  than  rf^.  This  indicates  that  the  actual  critical  value  of  77^®^  for 
solutions  consistent  uiith  the  boundary  conditions  is  greater  than  that  which  simply 
ensures  positive  real  values  of  m*.  For  linear  growth  still  greater  values  of  77^®^  are 
required.,  as  can  be  seen  in  figure  5.  The  growth  rate  increases  approximately  as  the 
3/2  power  of  the  supercriticality  in  the  forcing  parameter,  based  on  the  figure.  For 
comparison  with  figure  3,  with  a  forcing  parameter  of  3.75,  the  growth  rate  is  only 
about  0.03/.  This  is  clearly  insufficient  to  explain  tropical  cyclone  intensification. 

Decreases  in  M  lead  to  increases  in  the  anticyclone  relative  to  the  cyclone.  This 
is  consistent  with  the  simple  view  that  the  greater  the  amount  of  vertical  diffusion 
the  lesser  the  amount  of  the  vertical  shear.  Comparisons  can  be  made  from  table  1 
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using  item  sets  {1,  4,  20};  {2,  5,  8};  and  {6, 15,  21},  which  are  presented  as  curves  in 
figures  6  and  7.  Increases  in  M  lead  to  increases  in  the  required  forcing  parameter 
decreases  in  the  relative  anticyclone  strength  ( i?}  s  |  max(v2)  /  | ),  increases 

in  the  lower  layer  inflow  ( As  s  |  max(t;3)  /  max(vi)  | ),  and  decrease  in  the  relative 
size  of  the  updraft  region  ro. 

Variations  in  K  may  be  examined  with  items  sets  firom  table  1  of  {1,  2,  3};  {4, 
5,  6};  {8,  15,  19};  and  {20,  21}.  These  comparisons  can  also  be  seen  comparing 
across  curves  at  constant  M  in  figures  6  and  7.  Increases  in  K,  which  correspond 
to  increases  in  the  eddy  viscosity  of  the  lower  layer,  lead  to  increases  in  all  of  the 
required  forcing,  the  upper  level  anticyclone  (or  weakens  the  lower  cyclone),  lower 
level  inflow  (to  compensate  the  diffusion),  and  relative  size  of  the  updraft  region. 
Since  K  is  also  proportional  to  the  ratio  of  the  layer  depths,  increasing  K  is  a  proxy 
for  increasing  the  depth  of  the  cyclone  layer  or  decreasing  the  depth  of  the  anticyclone 
layer.  Hence  it  is  detrimental  to  cyclone  development  to  have  a  thin  outflow  layer.  In 
actual  cyclones,  strong  asymmetries  aloft  lead  to  increased  momentum  mixing  in  the 
upper  layer.  This  increases  1^^  with  respect  to  and  reduces  K.  Without  greater 
mixing  aloft,  K  would  be  greater  than  one  and  the  required  forcing  parameter  for 
linear  instability  would  be  very  large. 

If  vertical  diffusion  is  fairly  strong,  i.e.  M  not  small,  and  lateral  diffusion  in  the 
lower  layer  fairly  weak,  i.e.  K  small,  the  cyclone  and  anticyclone  of  the  weak  station¬ 
ary  solutions  are  of  approximately  equal  strength.  It  is  not  clear  in  the  atmosphere 
how  much  more  turbulent  the  outflow  layer  is  than  the  inflow.  However,  if  the  eddy 
viscosities  of  the  two  layers  are  similar,  then  K  «  1/e  >  1,  which  results  in  solutions 
with  very  strong  anticyclones  aloft,  unlike  any  observed  disturbances. 

The  effect  of  variation  in  radiative  cooling  can  be  seen  by  comparing  the  set 
of  items  (7,  10,  11}  in  table  1  (the  difference  in  the  outer  radii  is  not  particularly 
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significant).  The  primary  effects  of  increases  in  the  radiative  cooling  are  to  require 
increased  forcing  and  to  decrease  the  strength  of  the  anticyclone. 

4.  Discussion  and  Conclusions 

Though  some  have  argued  that  there  is  very  little  CAPE  in  the  tropics  (e.g.  Betts 
1982,  Xu  and  Emanuel  1989),  we  will  first  examine  the  most  generous  estimates. 
These  assume  pseudoadiabatic  ascent  for  parcels  originating  at  low  levels  in  the 
boundary  layer.  For  soundings  obtained  during  hurricane  season  in  hurricane  prone 
regions,  the  buoyancies  of  boundary  layer  parcels  lifted  to  the  upper  troposphere 
are  maximally  about  8K  (Palmen  1948).  Xu  (1987)  obtained  a  value  of  5K  for 
an  average  summertime  sounding  over  Triik,  an  area  of  moderate  tropical  cyclone 
activity,  so  slightly  larger  values  in  areas  and  periods  of  greater  activity  are  to  be 
expected.  This  provides  a  value  for  (xo*^  -  Xs*^)-  Using  the  values  for  equivalent 
potential  temperature  and  saturated  equivalent  potential  temperature  from  Xu  1987, 
the  stability  of  parcels  averaged  over  the  lower  troposphere  with  respect  to  the  upper 
troposphere  is  about  4  K,  providing  a  value  for  (x2°^  —  This  yields  an  ambient 
forcing  parameter  value  of  77^  =  3.0.  Given  our  present  knowledge  of  the  vertical 
structure  of  the  atmosphere  in  the  tropics,  it  would  be  difficult  to  justify  a  larger 
value  for  the  ambient  forcing  parameter.  With  the  inclusion  of  water  loading  effects 
and  mixing  processes,  the  appropriate  value  may  be  significantly  smaller. 

In  the  inviscid  calculation  of  Ooyama  (1969),  without  a  coupled  dry  descent 
region,  the  critical  value  of  the  forcing  parameter  was  only  1.  This  implied  the 
possibility  of  instability  if  there  was  any  CAPE  for  boundary  layer  parcels.  In  the 
calculation  presented  here,  it  has  been  shown  that  the  critical  forcing  parameter  is 
significantly  greater  than  one.  Even  in  the  example  solution  fully  shown,  the  required 
forcing  parameter  was  2.75,  with  the  assumption  that  the  integrated  momentum 
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mixing  throughout  the  troposphere  was  only  half  the  boundary  lay^  friction  and 
the  eddy  diffiisivity  (A  not  k)  of  the  upper  layer  was  only  about  a  tenth  of  the  lower 
layer  value.  For  weak  disturbances,  which  have  not  yet  developed  strong  asymmetries 
aloft,  the  lateral  eddy  diffiisivites  are  likely  to  be  closer,  K  larger,  and  the  required 
forcing  parameter  still  greater.  If  the  eddy  diffusivities  and  depths  were  equal  for 
the  two  layers,  then  K  =  1/e  ~  3.  As  can  be  seen  from  table  1,  for  K  =  1.0, 
with  M  =  0.5,  then  >  4.  From  figure  5,  where  the  stationary  solution  requires 

—  2.75,  an  ambient  forcing  parameter  of  3.0,  yields  an  e-folding  time  of  more 
than  20  days.  An  ambient  forcing  parameter  of  about  4.7  would  be  required  to  reduce 
this  to  the  needed  time  of  about  2  da)^.  This  leads  us  to  the  conclusion  that  the 
growth  of  infinitesimal  hurricane-like  disturbances  through  a  linear  CISK  mechanism 
is  unlikely  to  produce  intense  tropical  cyclones  on  the  time  scale  observed. 

This  is  an  encouraging  result  for  use  of  a  CISK  theory  of  tropical  cyclone  devel¬ 
opment.  One  of  Emanuel’s  (1986)  objections  to  CISK  is  that  it  is  a  linear  theory  and 
if  such  linear  instability  actually  existed  “weak  tropical  cyclones  should  be  ubiqui¬ 
tous  and  not  confined  to  maritime  environments”,  rather  than  strong  and  infrequent. 
Linear  theory  can  not  capture  the  knowledge  that  tropical  cyclones  arise  out  of  rather 
strong  preexisting  disturbances,  such  as  easterly  waves.  However,  CISK  need  not  be 
restricted  to  a  linear  analysis.  As  will  be  seen  in  Part  II,  extension  of  the  model 
presented  here  to  second  order  allows  rapid  intensification  under  conditions  shown 
here  to  be  linearly  stable. 

Here,  in  Part  I,  linear  stationary  solutions  were  found  for  a  system  with  CISK 
type  forcing  and  dissipative  processes,  including  internal  friction  and  radiative  cool¬ 
ing.  Inclusion  of  friction  is  a  singular  perturbation  to  the  equations  of  motion  that 
greatly  increases  the  thermodynamic  forcing  required  for  linear  instability.  However, 
our  result  is  not  as  sensitive  to  the  values  of  the  frictional  parameters  as  it  is  to  their 
ratios.  The  linear  instability  criterion  is  strongly  dependent  on  the  ratio  of  the  lat- 
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eral  friction  coefficients  and  the  ratio  of  the  vertical  friction  coefficients,  and  only 
on  their  ratios.  The  presence  of  even  minimal  internal  dissipation  quickly  prevents 
linear  hurricane>like  instability  for  ambient  conditions  in  regions  prone  to  intense 
tropical  cyclones. 
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Properties  of  Linear  Stationary  Solutions 


Parameters  Eigenvalues  Ratio  of 

Maxima 


M 

K 

B 

ri 

To 

R2 

Rz 

1) 

0.1 

0.1 

0.002 

10.0 

1.474 

1.969 

2.0 

0.4 

2) 

0.1 

0.2 

0.002 

8.0 

1.627 

2.328 

2.2 

0.5 

3) 

0.1 

1.0 

0.002 

10.0 

2.284 

3.520 

4.9 

1.1 

4) 

0.2 

0.1 

0.005 

8.0 

1.720 

1.675 

1.4 

0.7 

5) 

0.2 

0.2 

0.005 

10.0 

1.932 

2.002 

1.9 

0.8 

6) 

0.2 

0.5 

0.005 

10.0 

2.370 

2.526 

2.9 

1.3 

7) 

0.5 

0.2 

0.005 

6.0 

2.644 

1.633 

1.2 

1.5 

8) 

0.5 

0.2 

0.005 

10.0 

2.641 

1.638 

1.4 

1.6 

9) 

0.5 

0.2 

0.005 

12.0 

2.642 

1.637 

1.4 

1.6 

10) 

0.5 

0.2 

0.020 

6.0 

2.680 

1.599 

1.2 

1.5 

*11) 

0.5 

0.2 

0.050 

6.0 

2.745 

1.542 

1.1 

1.5 

12) 

0.5 

0.2 

0.050 

8.0 

2.753 

1.533 

1.2 

1.6 

13) 

0.5 

0.2 

0.050 

10.0 

2.756 

1.5i.J 

1.2 

1.6 

14) 

0.5 

0.5 

0.005 

6.0 

3.367 

2.054 

1.9 

2.1 

15) 

0.5 

0.5 

0.005 

8.0 

3.357 

2.074 

2.1 

2.2 

16) 

0.5 

0.5 

0.005 

10.0 

3.358 

2.073 

2.3 

2.3 

17) 

0.5 

0.5 

0.005 

12.0 

3.359 

2.071 

2.3 

2.3 

18) 

0.5 

0.5 

0.005 

14.0 

3.360 

2.070 

2.3 

2.3 

19) 

0.5 

1.0 

0.005 

8.0 

4.252 

2.468 

3.0 

3.0 

20) 

1.0 

0.1 

0.005 

6.0 

3.156 

1.157 

0.8 

2.1 

21) 

1.0 

0.5 

0.005 

8.0 

4.749 

1.757 

1.7 

3.6 

Table  1:  Properties  of  stationary  solutions.  Eigenvalues  of  and  ro  for  various 
sets  of  parameter  values.  Also  included  are  the  ratios  Rj  =  |max(vj)/max(vi)|. 
The  asterisk  indicates  the  linear  solution  shown  in  figure  4  and  used  in  most  of  the 
nonlinear  calculations  of  Part  II. 
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Figure  1:  Model  structure  and  cumulus  parameterization  scheme.  The  region  with 
0  <  r  <  ro  is  the  ascent  region,  while  where  ro  <  r  <  rj  is  the  descent  region.  The 
boundary  layer  has  fixed  height,  ho.  The  heights  of  the  upper  two  layers  may  vary. 
For  every  unit  mass  of  air  with  equivalent  potential  temperature  equal  to  Xo  forced 
out  of  the  boundary  layer,  f?  —  1  units  of  air  with  equivalent  potential  temperature 
equal  to  Xi  &re  entrained.  When  the  combined  rj  units  of  mass  reach  the  upper 
layer  they  are  assumed  to  be  neutrally  buoyant  with  saturated  equivalent  potential 
temperature  equal  to  X2«  which  is  the  same  as  is  the  environment.  The  system  is 
cylindrically  symmetric.  See  text  for  remaining  variable  definitions. 

Figure  2:  Minimum  value  of  the  forcing  parameter,  for  the  existence  of  real 
modes  as  a  function  of  the  vertical  and  lateral  diffusion  ratios,  M  and  K,  with  the 
cooling  parameter  set  at  B  ss  0.01.  This  is  the  requirement  for  all  m^  to  be  real  and 
at  least  one  of  them  positive. 


Figure  3:  Nondimensional  growth  rate  as  a  function  of  squared  wavenumber  for  sev¬ 
eral  values  of  the  forcing  parameter,  These  curves  apply  to  functions  consistent 
with  the  time  dependent  dispersion  relation,  not  solutions  to  the  full  boundary  value 
problem.  The  lowest  curve,  for  t/®^  =  2.74,  has  a  maximum  growth  rate  of  0.  See 
text  for  additional  parameter  values. 
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Figure  4:  A  solution  to  the  linear  stationary  problem  with  M  =  0.5,  K  0.2,  B  = 
0.05,  ri  s  6.0.  The  velocities  and  are  the  upper  and  lower  layer  tangential 
velocities,  respectively,  and  is  proportional  to  the  lower  layer  inflow  velocity.  The 
are  all  equal  to  zero  at  the  origin  and  can  be  distinguished  according  to  the  key 
in  the  upper  right  comer.  The  line  for  has  a  positive  value  at  the  origin  and 
is  proportional  to  the  Ekman  pumping.  There  are  dashed  lines  near  the  upper  and 
lower  borders  noting  the  location  of  ro- 


Figure  5:  Growth  rate  as  a  function  of  forcing  parameter  for  the  disturbance  shown 
in  figure  4.  The  growth  rate  is  scaled  by  the  Coriolis  parameter. 


Figure  6:  Variations  in  the  neutral  forcing  parameter,  and  the  updraft  extent, 
to,  for  linear  stationary  solutions  as  a  function  of  vertical  diffusion  ratio,  M.  Curves 
are  presented  for  various  values  of  the  lateral  diffusion  ratio,  K. 


Figure  7:  Variations  in  relative  anticylone  strength,  H2,  and  relative  inflow  strength, 
Ri,  for  linear  stationary  solutions  as  a  function  of  vertical  diffusion  ratio,  M.  Curves 
are  presented  for  various  values  of  the  lateral  diffusion  ratio,  K. 
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FIGURE  U 
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ABSTRACT 


Linear  theories  of  tropical  cyclone  development  suffer  from  a  conspicuous  defi¬ 
ciency.  If  linear  instability  from  small  perturbations  were  possible,  then  the  build¬ 
up  of  potential  energy  to  allow  very  intense  disturbances  would  be  prevented  by 
more  frequent  weaker  disturbances.  There  appears  to  be  an  amplitude  threshold  for 
whether  or  not  disturbances  intensify.  An  analytic  theory  is  provided  to  examine  this 
threshold.  In  Part  I,  a  linearized  viscous  CISK  (Conditional  Instability  of  the  Second 
Kind)  model  was  examined  and  it  was  shown  that  growth  of  hurricane-like  distur¬ 
bances  from  infinitesimal  perturbations  was  unlikely.  Here,  in  Part  II,  we  examine 
the  evolution  of  finite  amplitude  disturbances. 

We  find  that  finite  amplitude  disturbances  can  grow  under  conditions  that  are 
linearly  stable.  The  instability  that  is  found  is  essentially  a  subcritical  finite  am¬ 
plitude  version  of  CISK.  Several  nonlinear  terms  contribute:  the  faster  than  linear 
increase  in  boundary  layer  convergence,  due  to  faster  than  linear  increase  of  the  sur¬ 
face  drag;  the  advection  of  disturbance  relative  vorticity  by  the  disturbance;  and  the 
increase  in  boundary  layer  entropy  due  to  elevated  surface  fiuxes  of  water  vapor  and 
sensible  heat.  For  disturbances  that  exceed  the  threshold  amplitude,  growth  results 
that  is  faster  than  exponential  in  time. 
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1.  Introduction 


In  an  examination  of  west  Atlantic  hurricane  formation,  Riehl  (1948)  found  that 
"^deepening  began,  without  exception,  in  pre-existing  perturbations. . . .  There  was  no 
evidence  of  spontaneous  formation  due  to  convection  over  an  overheated  tropical 
ocean.  [Emphasis  in  original.]”  Many  tropical  cyclones  can  be  traced  back  to  dis¬ 
turbances  that  have  existed  for  days  and  travelled  thousands  of  kilometers  without 
significant  intensification.  In  Part  I  of  this  study  (Handel  1991)  we  showed  that 
linear  growth  of  tropical  cyclones  from  small  disturbances  was  unlikely  even  in  warm 
regions  of  the  tropics  during  summertime.  Here,  in  Part  II,  we  show  that  if  a  fi¬ 
nite  amplitude  disturbance  with  a  sufficiently  strong  surface  cyclone  travels  into,  or 
forms  in,  a  region  with  some  convective  available  potential  energy  (CAPE),  rapid 
intensification  is  possible. 

The  instability  found  in  this  work  is  essentially  a  finite  amplitude  version  of 
Conditional  Instability  of  the  Second  Kind  (CISK)  as  presented  in  Ooyama  1969. 
For  a  given  amount  of  buoyancy,  of  parcels  in  the  lower  boundary  layer  with  respect 
to  air  aloft,  and  a  given  stability  in  the  middle  troposphere,  a  threshold  amplitude 
for  intensification  is  found.  Disturbances  of  greater  amplitude  will  continue  to  grow, 
while  lesser  ones  will  decay. 

There  are  no  earlier  analytic  theories  that  exhibit  a  threshold  for  intensifica¬ 
tion.  The  major  competition  for  this  theory  can  be  found  in  the  numerical  study  by 
Emanuel  (1989)  on  what  he  has  more  recently  referred  to  as  Wind  Induced  Surface 
Heat  Exchange  (WISHE)  theory  (Emanuel  1991). 

1.1.  Nonlinear  Growth 

Nonlinear  theory  is  used  here,  not  because  the  amplitudes  are  so  large  that  linear  the¬ 
ory  is  no  longer  quantitatively  correct  (though  that  is  the  case)  but  rather,  because 
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linear  theory  is  fundamentally  incapable  of  exhibiting  finite  amplitude  threshold  be¬ 
havior.  Even  some  of  those  workers  (e.g.  Chamey  and  Eliassen  1964,  Ooyama  1964) 
who  applied  linear  theory  to  the  problem  of  tropical  cyclone  intensification  realized 
the  need  for  finite  amplitude  theories  and  the  particular  inadequecies  of  assuming 
growth  from  infinitesimal  perturbations.  The  requirement  that  a  rather  intense  dis¬ 
turbance,  within  some  limited  range  of  configurations,  is  needed  for  intensification 
has  appeared  in  some  numerical  models  (e.g.  Rotunno  and  Emanuel  1987,  DeMaria 
and  Pickle  1988,  Tuleya  1988,  Emanuel  1989).  Numerical  models  that  produce  hur¬ 
ricane  like  disturbances  with  tiny  perturbations  are  linearly  unstable  and  unrealistic, 
at  least  with  respect  to  their  initial  conditions  (e.g.  Anthes  1972,  Yamasaki  1977). 

Kleinschmidt  (1951)  thought  that  rapid  intensification  began  when  the  anticy¬ 
clone  aloft  became  inertially  unstable,  which  implies  finite  amplitude  behavior.  A 
trigger  point  based  on  the  magnitude  of  the  nonlinear  momentum  advection  terms 
was  proposed  by  Shapiro  (1977).  Emanuel  (1989),  in  contradistinction  to  the  work 
presented  here,  has  recently  suggested  that  Ekman  pumping  must  perform  work 
against  a  stable  gradient,  presenting  a  threshold  to  be  overcome,  and  that  develop¬ 
ment  only  occurs  if  the  vortex  is  strong  enough  and  lasts  long  enough  to  increase  the 
moist  entropy  of  the  lower  troposphere.  The  qualitative  hypothesis  of  Riehl  (1948, 
1954)  requires  the  interaction  of  two  independent  finite  amplitude  disturbances,  with 
an  upper  level  trough  triggering  the  further  development  of  a  weak  low  level  cyclonic 
circulation.  Elaborations  of  this  “outside  influence”  triggering  hypothesis  have  been 
made  by  Molinari  and  Vollaro  (1989);  Challa  and  Pfeffer  (1990);  Reilly  and  Emanuel 
(1991);  and  Montgomery  and  Farrel  (1991);  all  who  consider  forcing  from  upper 
tropospheric  disturbances. 

In  this  work  we  show  three  nonlinear  processes  that  facilitate  tropical  cyclone  in¬ 
tensification.  Since  boundary  layer  friction  increases  faster  than  linearly,  convection 
initiated  by  Ekman  pumping  increases  faster  than  linearly,  causing  a  nonlinear  CISK 
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development.  Also,  the  nonlinear  momentum  advection  in  the  lower  cyclonic  circula¬ 
tion,  suggested  by  Shapiro  (1977),  provides  strong  assistance  for  intensification,  and 
further  that  a  similar  process  assists  in  the  upper  anticyclone.  Lastly,  the  increased 
moisture  fiux  at  the  sea  surface  from  increased  winds  also  drives  intensification. 

1.2.  Solution  Procedures 

The  theory  presented  here  is  based  on  the  CISK  type  model  of  Ooyama  (1969).  We 
will  examine  Ooyama’s  general  system,  with  the  inclusion  of  dissipation,  up  to  second 
order  in  an  amplitude  expansion.  In  Part  I,  the  basic  equations  were  discussed  in 
detail  and  the  linearized  system  was  solved.  Here  in  Part  II,  we  continue  with  a 
weakly  nonlinear  analysis  to  find  conditions  that  allow  for  subcritical  intensification 
of  finite  amplitude  disturbances. 

Expansion  of  the  basic  equations  to  second  order  results  in  a  system  that  is  lin¬ 
ear  and  inhomogeneous.  The  associated  homogeneous  system  is  identical  to  the  first 
order  linear  system,  and  the  inhomogeneous  terms  are  functions  of  the  first  order 
solutions.  Inhomogeneous  two  point  boundary  problems  do  not  in  general  have  solu¬ 
tions.  Ince  (1926)  provided  a  detailed  theoretical  analysis  of  the  algebraic  properties 
of  such  differential  systems.  The  solvability  condition  for  the  two  point  inhomoge¬ 
neous  case  provides  a  relation  between  the  amplitude  of  the  first  order  solutions  and 
the  forcing  parameter  (Malkus  and  Veronis  1958).  The  forcing  parameter  is  based 
on  the  relative  stability  of  the  layers,  which  is  closely  tied  to  the  convective  available 
potential  energy  (CAPE).  Steady  state  balance  requires  that  increases  in  amplitude, 
though  only  in  the  cyclonic  sense,  be  matched  by  decreases  in  the  forcing  parameter. 
With  sufficient  amplitude  for  a  disturbance,  steady  state  can  be  maintained  with 
the  forcing  parameter  less  than  the  critical  value  for  linear  instability.  Existence  of 
a  stationary  solution  is  no  guarantee  of  its  stability.  In  fact,  it  would  be  a  great 
disappointment  if  the  stationairy  solution  was  found  to  be  stable. 
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Next,  equations  are  derived  for  perturbations  to  the  steady  solutions.  This  also 
generates  a  bounded  inhomogeneous  linear  system  with  a  solvability  condition.  Since 
the  relation  between  stationary  amplitude  and  the  forcing  parameter  has  already 
been  determined,  this  second  solvability  condition  then  determines  the  growth  rate 
for  a  perturbation  to  the  stationary  solution  (Schluter  et  al.  1965).  Demonstration 
that  the  steady  solutions  are  unstable,  with  a  forcing  parameter  less  than  critical  for 
linear  instability,  and  unstable  in  a  manner  that  resembles  an  intensifying  vortex, 
completes  the  calculation. 


2.  Review  of  Basic  Equations 


The  basic  equations  used  closely  follow  those  of  Ooyama  1969.  They  are  also  covered 
at  length  in  Part  I.  The  system  is  set  in  cylindrical  coordinates  (r,z)  on  a  constant 
rotation  /'plane.  There  are  two  main  layers  (lower  1,  upper  2)  with  a  boundary 
layer  (layer  0)  of  fixed  height  below.  All  the  layers  have  constant  density,  with  the 
densities  of  the  boundary  layer  and  lower  layer  equal.  The  equations  for  continuity 
are 


0  = 


^0 

rdr 


—  w 


dhi 

dt 


dhi  _  5V>2 
^  dt  rdr 


+  Q 


wsw*  —  w~s  vertical  velocity  out  of  boundary  layer 
(«;■’■  (upward)  >  0,  w~  (downward)  >  0]; 

Q  s  -  Q"  s  interlayer  mass  flux  between  layers  1  and  2 
[(?■*■  (upward)  >  0,  Q~  (downward)  >  0]. 


(2.1) 

(2.2) 

(2.3) 


The  hj  represent  the  layer  thicknesses  and  the  r/fj  are  the  inward  mass  fiuxes,  for 
layers  j  —  0,  1,  2.  Each  of  the  layers  has  a  constant  density.  For  simplicity,  the 
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densities  of  the  boundary  and  lower  layers  are  assumed  equal.  The  ratio  of  the 
density  in  the  upper  layer  to  the  density  of  the  boundary  and  lower  layers  is  e. 

After  some  manipulation  (see  Part  I),  the  momentum  equations  can  be  expressed 
as 


*  CiV*!  +  (Q" +/i)(w2  -  t;i)r  +  (2.4) 

=  C2^2  +  +  m)(vi  “  V2)r  +  ^  .  (2.5) 

The  Vj  are  the  tangential  velocities  and  the  C,  s  /  +  are  the  total  vorticity. 
Vertical  diffusion  between  the  two  main  layers  is  included  with  a  linear  coefficient 
fi  and  the  lateral  diffusion  is  Fickian  with  respect  to  solid  body  rotation,  so  Aj  = 
,  where  the  kj  are  layer  integrated  diffusion  coefficients. 

The  pressure  field  will  be  assumed  to  be  hydrostatic.  The  lowest  order  balance 
is  the  gradient  wind: 


(/+f)vi  = 


dr  ’ 


where  the  4>j  are  the  geopotential  perturbations  and  /  is  the  Coriolis  parameter. 
With  this  balance,  the  hydrostatic  approximation,  and  the  densities  of  the  boundary 
and  lower  layers  equal,  then  Vq  =  vi  (see  Part  I  for  more  detail). 

By  combining  the  continuity  and  momentum  equations  for  the  constant  depth 
boundary  layer,  along  with  a  surface  stress  parameterization,  r,  =  PoiksVo  + 
C/7 1  vq  I  Vo),  we  obtain  an  expression  for  the  mechanical  pumping  out  of  the  boundary 
layer: 

The  surface  stress  has  a  linear  term  proportional  to  and  a  quadratic  drag  pro¬ 
portional  to  Co,  while  Pq  is  the  boundary  layer  density.  This  will  be  referred  to 


_  d  ffcjrvi  -»•  Cor|vi|vi  +  hp 
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as  the  Ekman  pumping,  though  technically  the  time  dependent  tenn  should  not  be 
included  under  that  rubric.  Comparison  of  the  linear  and  nonlinear  terms  will  be 
made  in  Part  III  (Handel  1992). 

It  is  assumed  that  cumulus  convection  only  occurs  where  air  is  mechanically 
forced  out  of  the  boundary  layer.  The  primary  effect  of  convection  is  to  drive  en¬ 
trainment  in  response  to  heating.  The  vertical  flow  Grom  layer  1  to  layer  2  is  set 
proportional  to  the  positive  Ekman  pumping  and  an  entrainment  parameter  rj: 

-Tfw  ,  (2.8) 


with 


»?  = 


1  + 

0. 


Xo-Xa 

Xa-Xi 


w  >  0  (W*‘  >  0) 
«;  <  0  (w*  s:  0) 


(2.9) 


where  Xo  *  of  the  boundary  layer,  Xi  —  of  the  lower  layer,  Xa  =  of  the  upper 
layer,  9,  is  the  equivalent  potential  temperature,  and  is  the  saturation  equivalent 
potential  temperature.  The  parameter  rj  is  also  the  forcing  parameter  for  the  system. 

Newtonian  cooling  is  included  throughout  the  domain.  By  use  of  the  assump¬ 
tions  that  most  of  the  temperature  perturbation  is  in  the  upper  layer  and  that  layer 
thickness  between  pressure  surfaces  is  proportional  to  temperature,  along  with  the 
gradient  wind  balance,  3rields  an  expression  for  the  radial  derivative  of  the  downward 
motion  driven  by  radiative  cooling: 

dQ- 


(2.10) 


where  6  is  a  coefficient  proportional  to  the  cooling  rate.  The  details  of  these  param- 
eterizations  of  the  diabatic  processes  are  disctissed  in  detail  in  Part  I. 

For  the  calculations  at  second  order,  we  will  need  the  first  order  perturbations 
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to  the  entroi^  of  each  layer.  In  the  boundary  layer 


^Xo  _  ^pdxo 
dt  ho  rdr 


w 


+  -  Xi)  * 

^hl(x,  “Xo)  + 


(2.11) 


where  C*  is  a  bulk  exchange  coefficient  and  k^ish  diffusion  coefficient.  The  equiv¬ 
alent  potential  temperature  of  a  parcel  satmated  at  the  sea  surface  temperature  is 
designated  The  equivalent  potential  temperatuK  of  the  lower  layer  is  assumed 
to  be  constant,  though  as  will  be  discussed  later  this  may  not  have  been  wise.  In  the 
upper  layer  the  perturbations  will  be  approximated  as 


=  xf  +  H(«„  -  «2>) . 


(2.12) 


where  6,^  is  &  mean  column  potential  temperature  and  9^^  is  the  mean  column 
potential  temperature  of  the  rest  state.  This  assumes  that  changes  in  the  satura¬ 
tion  equivalent  potential  temperature  ate  H  times  the  perturbations  of  the  potential 
temperature  in  the  upper  troposphere.  We  will  set  H  s  1.2.  The  mean  poten¬ 
tial  temperature  perturbation  can  be  obtained  by  radially  integrating  an  expression 
proportional  to  the  right  hand  side  of  eq.  (2.10). 


3.  Finite  Amplitude  Disturbances 

3.1.  Expansions  and  the  Linear  System 

The  fields  will  be  expressed  with  an  amplitude  expansion  similar  in  purpose  to  that 
used  by  Malkus  and  Veronis  (1958),  or  by  Schliiter  et  oi.  (1965),  in  their  weakly 
nonlinear  anal3rses.  In  each  of  the  layers,  the  azimuthal  velocity  is  expanded  as 

Vj  =  -I-  +  •  •  •  (3.1 ) 
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The  amplitude,  a,  is  a  Rossby  number  measured  as  a  s  VI{fL),  where  V  is  the 
magnitude  of  the  velocity  perturbation  and  L  is  the  length  scale  (not  yet  determined). 
Ail  other  variables  will  be  expanded  similarly.  A  superscript  of  (0)  will  be  used  for 
values  applying  to  the  rest  state. 

The  time  dependent  expansion  will  be  an  infinitesimal  linear  perturbation,  with 
amplitude  a,  about  a  small  amplitude  stationary  state,  with  amplitude  3  to  be  de¬ 
termined,  such  that  a  s:  3  +  a  though  a  ^  3.  In  particular,  the  expansions  require 
that  the  spatial  functions  of  the  steady  first  order  solutions  and  the  infinitesi¬ 
mal  time  dependent  perturbations  are  identical,  since  at  first  order  stationary 
and  slowly  varying  solutions  are  both  solutions  to  the  identical  linear  system.  So, 
=  3w[^^  and  where  is  a  solution  to  the  linear  stationary  problem 

of  normalized  amplitude. 

Time  dependent  perturbations  will  have  an  assumed  time  dependence  of  e^*. 
The  growth  rate  is  expanded  as 

7  ss  7^®)  -I-  (3  5)7^^'  +  a®7^*^  H - .  (3.2) 

For  solutions  that  are  stationary,  7  *  0.  A  solution  for  which  7^®^  =  0,  but  7^*^  /  0 
will  be  referred  to  as  slowly  varying. 

To  convert  the  linear  problem  into  a  vector  form,  two  new  variables  are  in¬ 
troduced:  s  =  (/A»)V’2/»’.  For  stationary  and  slowly  vary¬ 

ing  solutions  (the  only  ones  with  which  we  are  concerned  here),  imposition  of  the 
boundary  conditions  that  the  lateral  flow  vanishes  at  the  center  and  outer  limit  of 
the  disturbance  along  with  the  sum  of  the  continuity  equations  (2.1)-(2.3),  requires 
=  0.  This  allows  reduction  of  the  linear  system  to  one  for  the  vector 

V  =  (Ul,U2,W3): 
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Appendix  A  provides  the  matrices,  A  and  B,  of  the  linear  system.  Matrix  A  is  con¬ 
stant  and  matrix  B  is  piecewise  constant  with  jump  discontinuities  at  radii  dividing 
ascent  regions  from  descent  regions.  The  boundary  conditions  for  this  viscous  system 
are  that  the  flow  vanish  at  the  center  and  at  the  outer  boundary  of  the  domain. 

We  will  only  be  concerned  with  solutions  having  a  single  ascent  region  surround¬ 
ing  the  origin  and  a  single  descent  region  outside  of  that.  At  the  dividing  radius, 
ro,  v  and  its  first  radial  derivative  must  be  continuous.  This  radius  is  an  eigenvalue 
of  the  linear  system.  Figure  1  shows  an  example  of  a  solution  to  the  linear  system 
as  found  in  Part  I.  The  eigenvalue  of  the  forcing  parameter  for  an  actual  solution  is 
designated 

The  most  complicated  expansion  involves  the  forcing  parameter,  x).  Unlike  in 
most  stability  problems,  the  forcing  parameter  can  be  modified  by  the  first  order 
solutions  through  changes  in  the  X/-  The  part  of  7  that  may  vary  with  the  x>^ 
is  designated,  It  is  a  function  of  the  motion  and  may  depend  on  r.  There 
is  still  a  need  to  expand  the  constant  part  of  r;,  as  is  done  in  most  weakly  finite 
amplitude  problems.  The  required  expansion  part,  has  no  spatial  dependence 
and  is  determined  with  a  solvability  condition,  as  will  be  explained  below.  To  second 
order  then, 

q  ss  -h  (5  +  a)Tj[^\r)  -f-  •  •  •  .  (3.4) 

Expansion  of  is  not  performed  since  this  term  will  not  be  needed.  The  solvability 
condition,  to  be  derived  in  section  3.2,  will  relate  the  steady  state  amplitude  to  the 
forcing.  For  a  positive,  if  77^^^  <  0  then  a  cyclonic  subcritical  instability  may  be 
possible.^  By  itself,  77^*^  <  0  only  indicates  the  possiblity  of  a  subcritical  stationary 

^Usually  if  the  stability  of  a  system  is  altered  at  second  order,  any  resulting  bifurcation 
is  referred  to  as  transcriticoL  This  can  be  a  subset  of  supercritical  or  subcritical  instabilites 
(see  Berge  et  al.  1986,  p.  272iF). 
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solution;  it  is  still  necessary  to  determine  the  stability  of  that  solution.  The  expansion 
for  is  baaed  on  a  Taylor  series  expansion  of  eq.  (2.9)  alter  performing  an  amplitude 
expansion  of  the  Xj’ 


"  ^(0)  vWI  ■  '  ' 

Xj  "*  Xi 

Boundary  layn  increases  in  temperature  or  moisture  causing  increases  in  help 
drive  intensification.  Warming  aloft  that  increases  Xj  ^  stabilizes  the  system.  The 
expressions  for  Xo^\  X2^\  other  needed  expansions  for  the  second  order  problem 
can  be  found  in  appendix  B.l. 


3.2.  Amplitude  of  the  Stationary  Solutions 

The  linear  solution  we  have  found  has,  as  yet,  no  determined  amplitude.  The  sta¬ 
tionary  system  can  be  expanded  to  second  order,  the  results  of  which  can  be  obtained 
from  appendix  B.2.  The  solvability  condition  on  the  resulting  inhomogeneous  system 
will  provide  a  relationship  between  the  forcing  parameter  and  the  stationary  solution 
amplitude.  It  is  already  assumed  from  eq.  (3.3)  that  +k,rAy^^^  =  0, 

where  =  3v^^\ 

The  vector  v  at  second  order  will  be  expanded  as  v<*)  =  5*  [v^^^  +  v<*^] ,  where 
v^^)  is  the  solution  to  the  associated  homogeneous  equation  at  second  order  and 
v^^)  is  a  particular  solution  to  the  inhomogenous  problem  that  is  orthogonal  to  the 
solutions  to  the  homogeneous  problem.  The  trick  of  Malkus  and  Veronis  (1958)  was 
to  realize  that  since  the  spatial  structure  of  v^^^^  is  identical  to  v^*\  it  should  be  ab¬ 
sorbed  into  the  coefficient  3  of  and  then  v^^^  taken  to  be  zero  everywhere.  After 
reducing  the  four  inhomogenous  second  order  equations  to  three  and  transforming 
the  system  to  self-adjoint  form,  we  can  express  the  result  as 
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where  matrix  T  is  given  in  eq.  (A.4)  and  is  the  vector  of  the  inhomogenous 
terms  determined  in  appendix  B.2. 

The  solvability  condition  for  the  inhomogeneous  system  with  homogeneous 
boundary  conditions  over  the  domain  [0,  ri]  is  then 

where  is  a  solution  to  the  homogeneous  problem  with  amplitude  a'  and  the 
superscript  r  indicates  a  transpose  (see  Handel  1990  for  a  proof  of  the  solvability 
condition  in  vector  form).  This  can  be  expressed  as 

+  E  =  (3.7) 

where  T  and  Q  are  definite  integrals  shown  in  table  2.  The  integral  H  captures 
all  of  the  terms  that  are  proportional  to  is  quadratic  in  the  and  is  only 
integrated  over  the  domain  {Q,ro|  since  rfP  is  zero  outside  of  that.  As  shown  in 
the  first  entry  of  table  2,  an  integration  by  parts  has  already  been  performed.  The 
integral  E  captures  all  of  the  the  remaining  terms,  is  cubic  in  the  and  most  of 
its  terms  are  integrated  over  the  full  domain.  This  integral  has  been  separated  into 
nine  terms  in  the  table  for  comparison  of  their  relative  importance.  Entries  Ee-E9 
have  survived  an  integration  by  parts. 

From  examination  of  the  integral  for  fl,  in  the  first  entry  of  table  2,  it  is  clear 
that  n  is  negative.  Then  for  subcritical  finite  amplitude  stationary  states  to  exit, 
E  must  also  be  negative.  The  integral  that  comprises  E  is  much  more  complicated 
and  will  be  discxissed  in  section  3.5,  where  the  numerical  evaluation  of  the  integrals 
is  considered. 

For  E  and  H  both  negative,  is  also  negative.  This  allows  subcritical  sta¬ 
tionary  states  for  a  >  0.  Most  of  what  has  preceded  this  only  applies  for  positive  a. 
One  could  examine  this  system  with  anticycionic  circulations  in  the  lower  layer,  but 
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the  assumptions  on  the  location  of  the  heating  would  no  longer  apply.  The  effective 
value  of  77  for  a  given  finite  amplitude  disturbance  is  defined  as  77,  s  +  077^^^  For 
an  ambient  forcing  parameter  77^  and  disturbance  requiring  a  forcing  parameter 
there  is  a  critical  stationary  amplitude,  Oerti,  where  77^  s  77.  such  that 


77.  —  77<®*  Q 

®crt*  —  (1)  ■“  (^J  • 

77e  ^ 


3.3.  Stability  of  the  Stationary  Solutions 

Having  found  a  stationary  solution,  it  is  now  possible  to  look  at  time  dependent 
perturbations  to  that  solution.  The  system  is  separable  for  the  independent  variables 
r  and  t.  With  respect  to  t  the  equations  are  linear  and  constant  coefilcient,  so  we 
may  assume  solutions  proportional  to  e^*  —  At  first  order  we  again  have 

ss  0.  The  slowly  varying  system  can  now  be  expanded 
to  second  order,  the  results  of  which  are  shown  in  appendix  B.2. 

The  vector  v  at  second  order  will  be  expanded  as  *  2aa  , 

where  b  the  solution  to  the  associated  homogeneous  equation  at  second  order 
and  b  a  particular  solution  to  the  inhomogenous  problem  which  b  orthogonal  to 
the  solutions  of  the  homogeneous  problem.  As  with  the  stationary  case,  the  spatial 
structure  of  b  identical  to  By  a  renormalization  similar  to  that  of  the  last 
section,  b  set  equal  to  zero  everywhere.  After  reducing  the  four  inhomogenous 
second  order  equations  to  three  and  transforming  the  s}rstem  to  self-adjoint  form,  we 
can  express  the  result  as 

dr  \  rdr  J 

where  is  the  vector  of  the  inhomogenous  terms  given  in  appendix  B.2. 
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The  solvability  condition  is 


r  dr  =  0  . 

which  expanded  is 

2E  +  y  *  0  . 


(3.9) 


(3.10) 


With  eq.  (3.7)  then 

^  -  r  ■ 


(3.11) 


The  integrals  for  F  are  given  in  the  third  grouping  of  table  2.  Since  mostly  this 
integral  is  dominated  expressions  for  the  kinetic  energy  and  the  vortex  potential 
energy,  we  might  expect  that  F  is  positive. 

So  if  subcritical  stationary  states  exist  (implying  E  <  0)  and  F  >  0,  they  are 
unstable.  For  infinitesimal  disturbances  off  of  the  stationary  state  the  growth  rate  is 
initially 


7 


f 


where  aerit  is  determined  by  eq.  (3.8)  and  the  growing  disturbance  amplitude  is 
that  of  the  perturbation  from  the  stationary  state.  However,  if  we  continue  to  take 
the  growth  rate  as  7  =  07^^^  with  a  increasing  in  time,  superexponential  growth 
results.  This  will  be  discussed  further  in  section  4.  As  rj^  increases  approaching 
cLcrit  decreases,  decreasing  7  at  the  stationary  point.  However,  for  any  given 
disturbance  amplitude  this  just  shifts  the  partitioning  of  the  amplitude  between  a 
and  d.  Eventually  the  assumption  that  d  a  breaks  down,  but  the  qualitative 
results  still  hold. 
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3.4.  Parameter  Values 


All  parameter  values  are  provided  in  table  1.  The  analysis  of  Xu  (1987)  was  used  as 
a  rough  guide  for  determining  suitable  values  of  the  xf^-  Choosing  optimistically  to 
maximize  one  could  take  a  boundary  layer  equivalent  potential  temperature  of 
Xo®'  «  357  K,  a  lower  troposphere  equivalent  potential  temperature  of  **  340  K, 
and  an  upper  troposphere  saturation  equivalent  potential  temperature  of 
347  K,  yielding  «  2.5.  In  choosing  representative  values  for  the 

inflow  and  outflow  are  desired,  rather  than  the  minimum  in  0^  for  the  inflow  and  the 
value  of  9*  at  the  tropopause  for  the  ouflow.  In  practice,  rj^  is  usually  much  smaller 
than  this  due  to  water  loading  effects  and  less  favorable  values  of  the  moist  entropies. 
It  is  probably  even  less  than  1.5  in  most  regions  of  development.  For  a  given  value 
of  only  two  of  the  three  xf^  can  be  chosen. 

The  bulk  aerodynamic  transfer  coefficients,  Co  and  Ce,  were  both  assigned 
values  of  order  10"®.  The  linear  surface  drag  was  then  chosen  to  be  about  fc,  ^ 
Co  •  5  m/sec  ^  5  •  10"®  m/sec.  For  a  given  value  of  vertical  diffusion  ratio  M  =  n/k,, 
this  then  fixes  the  bulk  vertical  diffusion  coefficient  pi.  Multiplication  by  the  vertical 
length  scale  indicates  that  the  values  of  /i  for  M  <  1  imply  vertical  eddy  diffiisivities 
of  order  10  m®/sec,  which  are  quite  small  compared  to  the  values  chosen  in  some 
numerical  models. 

Once  given  k,,  the  value  of  was  chosen  to  keep  tq  of  order  a  couple 

of  hundred  kilometers  and  ri  a  couple  of  thousand  kilometers  or  less.  This  implied 
an  upper  level  eddy  viscosity  A2  10*  m®/sec.  These  values  are  smaller  than  those 
chosen  for  many  axisymmetric  numerical  models.  For  the  values  of  K  =  k[®7i^2®^ 
chosen,  Ai  was  smaller  still.  The  much  greater  asymmetry  of  the  upper  level  flow 
compared  to  the  lower  level  flow  provides  the  justification  for  having  ibl®*  < 

With  B  s=  bf^k^^/k^  set;  /,  k^\  and  k,  already  chosen;  the  cooling  constant  b  is 
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also  detennined  and  ends  up  of  order  10~*  sec/m,  which  implies  a  radiative  relaxation 
time  of  one  to  two  weeks.  This  cooling  rate  seems  smaller  than  realistic,  but  larger 
\'alues  of  B  require  the  use  of  Bessel  functions  of  complex  argument,  which  we  wish 
to  avoid. 

The  parameters  Ary,  C*,  ^.nd  appear  only  in  the  evaluation  of 
in  eq.  B.2.  Since  there  are  only  two  terms  in  this  equation,  this  set  of  parameters 
is  effectively  reduced  to  two.  Further,  the  first  term  (proportional  to  ~  Xo*^) 
dominates  this  formulation  since  in  this  model  there  are  no  strong  downdrafts  into  the 
boundary  la3'er.  Because  this  linear  (in  vj)  expression  has  no  feedback  for  reducing 
the  entropy  difference  between  the  sea  surface  and  the  boundary  layer,  nor  is  there 
any  boundary  layer  drying  from  downdrafts,  Xq  ^  can  get  so  large  that  axo  ^  can 
exceed  xi®^  ~  Xo*\  wfiich  is  nonphysical.  The  lack  of  any  turbulent  fluxes  of  moist 
entropy  from  the  boundary  to  lower  layer  also  contributes  to  the  excessive  response 
in  the  boundary  layer.  To  yield  more  reasonable  values,  was  made  unrealistically 
large.  Another  possible  fix  might  have  been  to  allow  for  variation  in  Xi- 

The  parameters  for  the  specific  heat,  Cpj  and  functions  of  mean  layer  pressure 
=  (POj/Poo)*^^*  where  poy  is  the  mean  pressure  of  layer  j;  appear  only  in  the 
integral  for  X2^  in  «!•  B-4.  The  specific  heat  is  considered  fixed,  the  Vj  vary  only 
slowly  with  the  mean  pressure  of  the  layers,  /  is  fixed  for  a  given  location,  and 
the  factor  H  =  1.2  can  only  be  varied  slightly.  So,  this  integral  cannot  be  easily 
tuned.  Since  it  represents  the  thermal  perturbation  needed  to  maintain  gradient 
wind  balance,  this  is  not  surprising.  Perturbations  that  are  spatially  large,  intense, 
or  at  high  latitude,  require  large  temperature  anomalies.  Plots  of  both  of  Xo  ^  and 
X2^^  are  in  figure  2.  From  these  functions  and  eq.  (3.5),  one  can  determine  the 
perturbation  to  the  forcing  parameter  which  is  plotted  in  figure  3.  To  obtain  a 

positive  it  must  be  that  Xo  *  >  Oae  can  always  tune  \o  ^  to  meet  this 

condition  throughout  the  domain,  though  for  large  vortices  or  at  high  latitudes  this 
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might  require  unrealistic  increases  in  the  boundary  layer  entropy. 

3.5.  Nonlinear  Forcing  and  Growth  Rates 

We  now  examine  the  terms  that  make  up  the  integral  E.  To  simplify  the  dis¬ 
cussion,  it  is  worth  noting  that  the  leading  factors  in  square  brackets  of  E1-E5 
are  positive  everywhere  for  B  <  M/K.  [Use  of  the  linear  system  can  show  that 
„(»)  (M  -  g  -  BK)-Ht4^>  -  B)+^  =  We  know 

*3 

that  >  0,  <  0,  and  from  examination  of  figure  1  that  ^  ^  ^ 

except  by  a  small  amount  in  a  small  region  just  outside  of  tq.]  Terms  that  tend  to 
weaken  the  cyclone  are  Ei,  Es,  and  E«.  The  first  of  these  represents  transport  of 
anticyclonic  relative  momentum  into  the  lower  layer  through  radiative  cooling  and 
weakens  the  lower  level  vortex.  The  two  other  terms  are  both  tied  to  second  order 
efifects  of  the  forced  vertical  velocity.  Though  in  developing  a  tropical  cyclone  it  is 
desireable  to  have  lower  level  inflowing  air,  the  accompanying  outflow  is  a  net  cost. 
Ideally  for  development,  inflowing  air  would  just  vanish,  but  the  outflow  is  inevitable. 
Both  Es  and  Eg  are  from  second  order  effects  that  lead  to  increased  outflow  aloft 
and  hence  increase  the  strength  of  the  upper  level  anticyclone.  In  our  example,  these 
terms  are  all  of  the  same  order  of  magnitude. 

There  are  a  number  of  second  order  terms  that  encourage  tropical  cyclone  devel¬ 
opment.  The  largest  of  these  in  table  2  is  E7.  This  b  one  of  the  two  nonlinear  CISK 
terms.  It  b  from  the  increased  convection  based  on  the  initial  stratification  and  the 
faster  than  linear  growth  of  the  forced  vertical  velocity  out  of  the  boundary  layer. 
The  other  nonlinear  CISK  term.  Eg,  b  from  increases  in  the  boundary  layer  entropy 
from  wind  enhanced  sea  surface  fluxes  (mostly  of  mobture),  partially  compensated 
by  an  increase  in  the  stable  stratification  from  warming  aloft  needed  to  maintain 
gradient  wind  balance.  The  term  Eg  b  partially  in  the  spirit  of  Emanuel's  WISHE 
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theory,  but  not  quite,  since  it  still  relies  on  frictionally  forced  vertical  velocity  to 
release  any  of  this  added  potential  energy.  The  competing  processes  of  boundary 
layer  moistening  and  upper  tropospheric  warming  could  be  accounted  separately, 
though  we  will  not  do  so  here.  The  relative  magnitudes  of  these  terms,  both  with 
respect  to  each  other  and  with  respect  to  the  other  second  order  terms,  can  be  easily 
changed  by  adjusting  the  parameters  and  should  not  be  viewed  as  a  robust  result  of 
this  analysis. 

The  nonlinear  momentum  advection  terms  in  the  lower  and  upper  layers,  Ea 
and  E4,  both  encourage  development  of  the  disturbance.  In  the  lower  layer  it  is  easy 
to  see  that  the  advection  of  positive  relative  vorticity,  in  addition  to  the  planetary 
vorticity,  helps  build  the  cyclonic  flow.  The  importance  of  self-advection  of  vorticity 
in  the  inflow  layer  is  consistent  with  the  suggestions  of  Shapiro  (1977).  The  situation 
aloft  is  more  subtle.  We  have  already  suggested  that  energy  spent  in  developing 
the  anticyclone  hinders  the  development  of  the  low  level  cyclone.  Aloft,  there  is 
negative  relative  vorticity  in  the  flrst  order  solutions,  except  at  large  radius.  Outward 
advection  of  negative  relative  vorticity  reduces  the  anticyclone.  Though  at  the  weak 
stage  examined  here  the  vorticity  advection  aloft  assists  development,  during  the  later 
evolution  of  the  storm,  when  the  cyclone  develops  to  the  point  where  the  vorticity  of 
the  outflow  layer  is  positive  at  small  radius,  the  nonlinear  advection  will  change  sign 
in  the  core  region.  For  solutions  requiring  a  large  value  of  unless  the  boundary 
layer  entropy  is  allowed  to  become  very  large,  the  dominant  terms  at  second  order  are 
the  nonlinear  advections  of  disturbance  vorticity.  The  last  term  to  cover  is  S3,  which 
is  the  cumulus  momentum  mixing  term.  With  negative  vertical  shear,  this  tends  to 
reduce  the  strength  of  the  anticyclone  and  so  help  overall  disturbance  growth. 

To  maintain  a  steady  state  at  finite  amplitude,  with  all  of  these  positive  influ¬ 
ences  from  the  second  order  terms,  the  forcing  parameter  need  not  be  as  large  as  it 
must  be  for  a  steady  balance  with  an  infinitesimal  disturbance.  The  term  in 
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eq.  (3.7)  represents  physics  similar  to  that  of  which  is  based  on  changes  in  the 
vertical  thermodynamic  structure  due  to  the  first  order  motion.  By  fiat,  through 
the  solvability  condition,  it  is  declared  to  balance  the  positive  influences  of  the  other 
second  order  terms.  It  therefore  provides  the  quantitative  measure  of  the  amount 
by  which  the  forcing  parameter  may  be  reduced  to  keep  steady  balance  for  a  given 
amplitude. 

If  we  do  not  have  an  exact  balance,  but  instead  have  an  evolving  disturbance,  the 
extra  forcing  (of  either  sign)  goes  into  changing  the  energy  of  the  system.  Loosely, 
the  forcing  balances  the  time  rate  of  change  of  the  system  energy,  or  for  exponential 
growth  it  balances  the  growth  rate  times  the  energy.  The  integrals  that  make  up  F 
can  be  viewed  in  some  sense  as  energies  of  the  system.  That  large  positive  values  of 
r  lead  to  small  growth  rates,  reflects  the  fact  that  the  greater  the  energy  of  a  system 
the  more  difficult  it  is  to  maintain  exponential  intensification.  For  rapid  growth, 
small  positive  values  of  F  are  required.  As  in  the  expansion  of  E,  the  first  coefficient 
in  square  brackets  for  F  is  positive  except  in  a  very  small  region  where  it  is  negative 
by  only  a  small  amount.  The  term  proportional  to  is  large  zmd  positive, 

while  the  one  proportional  to  is  large  and  negative.  Again,  the  upper  layer 

persists  in  its  contrary  role,  by  reducing  overall  F  through  F2.  The  integrals  of  F4 
and  F 1  are  closely  related  to  the  kinetic  energies  of  the  boundary  and  lower  layers. 
The  potential  energy  of  tilted  isotherms  is  represented  by  F3  and  Fj.  The  term  Fg 
is  related  to  the  time  dependent  corrections  to  the  forced  vertical  velocity  at  the  top 
of  the  boundary  layer. 

If  one  assumes  an  ambient  77,  of  say  1.5,  then  the  critical  Rossby  number  is  about 
0.25.  This  corresponds  to  an  organized  tangential  velocity  maximum  of  2.0  m/sec 
and  a  center  surface  vorticity  of  3.9  •  10~*sec“‘,  which  is  nearly  0.8/  despite  the 
not-large  nondimensional  amplitude  in  terms  of  velocity.  The  e-folding  time  is  (4.5  • 
lO'^sec"^)”'  S5  2.5  days,  divided  by  the  Rossby  number.  With  aern  ^  0.25,  this 
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is  too  long  at  about  10  days.  If  one  stretches  the  theory  past  the  stationary  point, 
at  a  Rossby  number  of  1,  which  for  these  parameters  requires  a  vi  maximum  of 
only  fL  »  8  m/sec,  the  e-folding  time  of  about  2.5  days  is  quite  reasonable  for 
a  distturbance  of  this  strength.  Even  a  disturbance  requiring  a  large  value  of  the 
forcing  parameter,  in  an  environment  with  only  small  amounts  of  CAPE,  can  be 
destabilized  with  sufficient  amplitude. 

3.6.  Sensitivity  to  Parameters 

We  will  now  examine  how  the  finite  amplitude  instability  criteria  vary  with  variations 
of  many  of  the  physical  parameters.  Unless  otherwise  noted,  all  of  parameters  are  as 
specified  in  table  2.  An  extensive  sensitivity  analysis  can  be  found  in  Handel  1990. 
In  Part  I,  a  sensitivity  analysis  of  the  required  forcing  parameter,  to  changes  in 
the  dissipation  ratios  M,  K,  and  B  was  presented. 

Results  from  variation  of  the  quadratic  bulk  diffusion  coeffient  for  the  boundary 
layer,  Co,  are  shown  in  table  3.  Increases  in  Co  lead  to  increases  in  the  magnitude 
of  77^^),  hence  decreases  in  the  threshold  amplitude  for  growth,  and  increases  in  the 
growth  rate  of  the  finite  amplitude  disturbances.  So,  increases  in  the  loss  of  boundary 
layer  momentum  to  the  surface  encourages  tropical  cyclone  development.  The  only 
integrals  affected  by  changes  in  Co  are  Es,  E7  and  Eg.  The  magnitudes  of  all  of 
these  increase  with  increasing  Co.  Though  Eg  and  Eg  are  both  dissipative,  these  are 
more  than  compensated  by  the  additional  cumulus  heating  driven  by  the  additional 
Ekman  pumping.  Increases  in  surface  entropy  fiuxes  through  increase  in  Cs  can  only 
encourage  development  and  are  examined  further  in  Handel  1990. 

Results  for  variations  in  the  Coriolis  parameter  are  shown  in  table  4.  The 
dimensional  vorticity  and  velocity  scales,  /  and  fL,  increase  linearly  with  increasing 
/.  Hence,  the  dimensional  perturbation  threshold  continues  to  increase  with  latitude 
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even  though  the  of  magnitude  of  is  increasing,  because  the  variation  of  the  latter 
is  weak.  This  can  be  seen  in  the  last  colunm  of  table  4.  (If  the  dimensional  magnitude 
of  is  made  smaller,  a  stronger  disturbance  b  needed  to  overcome  the 

threshold.)  At  very  low  latitudes,  where  the  threshold  b  quite  small  dimensionally, 
though  it  b  easy  for  a  dbturbance  to  start  growing,  it  b  initially  so  weak  and  the 
growth  rate  so  small  that  it  would  take  weeks  to  become  of  notice  (or  hit  land  or  be 
destroyed  by  shear).  It  appears  that  it  b  more  difficult  to  initiate  development  at 
higher  latitude,  but  if  the  threshold  b  exceeded  intensification  b  more  rapid. 

Proportional  variations  in  the  lateral  diffusion  coefficients  and  with 
constant  K  lead  to  a  confounding  change  in  the  length  scale  of  the  system  through  the 
choice  of  the  nondimensionalization.  Results  of  such  variation  are  shown  in  table  5. 
Increases  in  the  diffusion  coefficients  imply  an  increase  in  both  the  length  scale  and 
the  velocity  scale.  Though  b  seen  to  increase  monotonically  with  increases  in  k^^\ 
seeming  to  imply  a  decrease  in  the  threshold  amplitude,  the  dimensional  amplitude 
of  the  needed  dbturbance  b  fairly  insensitive  to  these  variations  and  does  not  vary 
monotonically,  as  can  be  seen  in  the  last  column  of  the  table.  Somewhat  surprbingly 
(c.f.  Emanuel  1986,  Rotunno  and  Emanuel  1987),  the  larger  dbturbances  grow  faster 
(also  see  discussion  of  variations  of  ri,  below).  It  would  have  been  possible  to  vary  ri 
to  compensate  for  changes  in  L  so  as  to  leave  the  overall  dbturbance  size  constant. 
However,  thb  would  have  required  variations  of  (albeit  very  small  ones)  and  it 
still  would  not  have  been  possible  to  provide  compensatory  change  of  the  updraft 
radius,  ro,  which  b  «tiuch  more  important. 

Our  remaining  comparisons  require  calculation  of  different  linear  solutions, 
rather  than  simply  varying  the  parameters  needed  to  evaluate  the  integrals  as  second 
order.  As  can  be  seen  in  table  7,  increases  in  the  overall  dbturbance  size  lead  to 
decreases  in  the  the  threshold  amplitude  and  increases  in  growth  rate,  though  the 
effect  is  not  strong.  Thb  was  surprising  in  view  of  the  results  of  Emanuel  (1986) 
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and  Rotunno  and  Emanuel  (1987),  which  showed  that  the  larger  disturbances  grew 
more  slowly  and  very  large  ones  barely  intensifed  at  all.  One  significant  difference 
between  the  size  variation  here  and  in  Rotunno  and  Emanuel,  is  that  here  the  size 
of  the  inner  core  of  the  disturbance  was  basically  unchanged  as  the  outer  extent  was 
varied,  while  in  Rotunno  and  Emanuel  the  entire  structure  of  the  disturbance  was 
scaled  proportionally.  Here,  the  primary  reason  for  this  increase  in  development  po¬ 
tential  for  large  disturbances  is  that  the  boundary  layer  formulation  leads  to  greater 
entropy  perturbations  in  the  disturbance  core  for  overall  larger  disturbances. 

Table  8  examines  variation  of  the  upper  level  lateral  eddy  diffusivity  with  fixed 
lower  level  diffusivity.  This  also  require  varying  the  lateral  diffusion  ratio,  K,  which 
in  turn  changes  the  eigenvalue  for  the  forcing  parameter,  Variations  of  the  upper 
level  lateral  diffusion,  add  the  further  complication  of  changes  to  the  length  scale. 
The  most  significant  change  with  increases  in  is  the  accompanying  decrease  in 
which  is  a  first  order  change.  The  magnitude  of  also  decreases  and  whether  or 
not  these  compensate  depends  on  the  subcriticallity  of  the  rest  state.  For  example,  if 
»7a  =  2.0  then  the  critical  velocity  maximum  is  0.91  m/sec  (=  for  the 

K  =  0.5  case  and  0.80  m/sec  for  the  K  =  0.2  case,  so  the  linear  effect  of  decreasing 
dominates.  However,  if  is  more  subcritical  at  say  1.5,  then  the  critical  velocities 
are  1.2  m/sec  and  1.4  m/sec,  respectively,  and  the  relative  thresholds  are  reversed. 
Similar  arguments  apply  to  variations  of  However,  since  there  is  no  additional 
help  from  variations  in  the  length  scale,  unless  the  rest  state  is  greatly  subcritical, 
increases  in  lower  layer  diffusion  make  it  more  difficult  to  create  an  intensifying 
disturbance. 
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4.  Superexponential  Growth 


The  complex  machinations  above  can  be  reduced  to  a  simple  amplitude  equation. 
This  will  also  serve  to  provide  justification  for  the  claim  that  superexponential  growth 
is  an  appropriate  description  for  the  intensification  rate  of  disturbances  that  are  of 
sufficient  amplitude  to  grow. 

The  quadratic  homogeneous  rate  equation 

$  =  Cia  +  C2<i*,  (4.1) 


where  both  Cj  are  constants,  has  known  anal3rtic  solutions.  There  are  two  stationary 
points:  one  at  a  =  0  and  another  at  a  s  ~ci/c3.  Figure  4  shows  behavior  with  real 
coefficients  ci  <  0  and  >  0  for  several  initial  conditions.  If  oo  s  a(0)  <  0  then 
a{t)  decays  from  below.  If  0  <  no  <  — ci/c2  then  a(f)  decays  to  zero  from  above.  If 
oq  >  -ci/c2  then  a(t)  blows  up  in  finite  time.  This  is  faster  than  exponential,  or 
superexponential  growth. 

Equating  the  critical  amplitude  from  eq.  (3.8)  with  the  nonzero  stationary  point 
of  eq.  (4.1)  implies 


OenI  — 


(4.2) 


Expansion  of  eq.  (4.1)  about  a^rit  with  the  perturbation  amplitude  a  defined  by 
a  =  Oerti  +  u  leads  to  the  linear  amplitude  equation  ^  =  — cio.  Comparing  this  with 
eq.  (3.3)  suggests  equating  -cj  with  With  eq.  (4.2),  we  then  have  the 

amplitude  equation 


da  _  7^^^ 


-  7«)o  +  7^‘^a*  • 


(4.3) 


Though  this  has  the  behavior  we  desire  for  a  <  0,  the  coefficients  are  not  at  all 
correct  in  that  regime  since  the  physics  used  in  the  determination  of  the  coefficients 
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does  not  apply  to  a  disturbance  with  a  low  level  anticyclone  near  the  origin.  We  may 
aspire  to  an  analytic  theory  that  exhibits  the  behavior  of  a  cubic  amplitude  equation 
with  a  stable  stationary  point  at  greater  amplitude  than  the  unstable  point  that  we 
have  examined. 

The  specific  solution,  at  least  for  positive  oo.  is 

ao/«cr«i  +  (1  - 

The  concept  of  a  simple  growth  rate  cannot  be  applied  to  this  type  of  solution. 
Clearly,  if  the  initial  amplitude  equals  the  critical  amplitude  the  singularity  is  never 
reached.  However,  if  oo  is  only  20%  greater  than  Oerit,  with  an  organized  surface 
velocity  maximum  of  2.5  m/sec,  the  singularity  of  infinite  amplitude  is  reached  in 
less  than  two  weeks  for  the  case  examined  in  table  2  with  »  1.5.  With  a  velocity 
maximum  of  4  m/sec,  the  singularity  is  readied  in  a  week.  The  mature  amplitude 
would  be  reached  more  quickly.  The  paths  of  figure  4  roughly  correspond  to  the 
parameter  values  we  have  examined  if  t  is  measured  in  seconds  and  the  velocity 
amplitude  is  nondimensionalized  with  a  velocity  scale  of  about  8  m/sec.  As  can  be 
seen,  the  time  required  to  reach  maturation  decreases  rapidly  with  increases  in  the 
supercriticality  of  the  initial  disturbance. 

5.  Discussion 

5.1.  Application  to  Given  Disturbances 

In  section  3.3  it  was  shown  that  the  finite  amplitude  stationary  states  found  earlier 
in  section  3.2  are  unstable  to  perturbations  with  the  same  spatial  structure.  Such 
perturbations,  rather  than  disrupting  the  structure,  lead  either  to  its  intensification 
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or  decay.  States  with  amplitudes  below  a  critical  value  decay,  while  states  with  larger 
amplitudes  grow. 

We  defined  earlier  that  the  effective  forcing  parameter  for  a  disturbance  is 
Tj^  s  For  cyclonic  disturbances,  2  is  positive  and  we  found  that 

is  negative.  The  atmospheric  ambient  value  of  17^,  based  only  on  the  vertical  thermo¬ 
dynamic  structure,  is  determined  mostly  by  the  radiative-convective  balance  of  the 
tropical  atmosphere  for  the  underlying  sea  surface  temperature  and  the  large  scale 
atmospheric  circulation.  If  the  resulting  17^  is  less  than  then  the  disturbance  will 
intensify.  The  appropriate  eigenvalue  for  linear  solutions  is  determined  mostly  by  the 
internal  friction  ratios  for  the  atmosphere,  with  slight  dependence  on  the  radiative 
decay  time  and  the  overall  size  of  the  test  disturbance.  For  77^**)  >  77.  >  77.,  there 
is  subcritical  instability  from  a  transcritical  bifurcation  with  a  linearly  stable  rest 
state. 

Figure  5  shows  a  schematic  of  the  decaying  and  growing  states  as  a  function 
of  disturbance  amplitude  and  the  ambient  value  of  the  entrainment  parameter,  77,. 
The  theory  presented  here  has  determined  the  slope  of  the  stability  boundary  (solid 
line)  where  it  intersects  the  line  of  zero  amplitude  and  the  intercept,  which  is  the 
linear  instability  criterion.  We  also  know  that  there  are  no  hurricane-like  instabil¬ 
ities  for  77  <  1,  since  that  would  lead  to  outflow  rather  than  inflow  in  the  lower 
troposphere  and  would  not  spin-up  a  low  level  cyclone.  We  might  hope  that  the 
stability  boundary  resembles  the  dense  line  of  dots  shown  in  the  figure.  The  sparse 
dotted  line  indicates  what  the  stability  boundary  might  look  like  if  the  curvature 
determined  at  third  order  were  positive  and  very  large;  the  calculation  of  this  next 
order  term  would  be  an  horrendous  task.  In  that  case  the  range  of  applicability  of 
the  theory  presented  here  would  be  so  small  that  an  amplitude  threshold  would  not 
be  predicted.  However,  unless  the  nondimensional  scaling  was  totally  inappropriate 
or  some  important  process  totally  omitted  from  the  basic  equations,  the  stability 
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boundary  can  probably  be  extended  to  near  where  a  approaches  1  firom  below  or  r;, 
approaches  1  from  above,  whichever  is  reached  first. 

The  unstable  solutions  we  have  found  are  not  expected  to  be  observed;  they  serve 
as  dividers  between  decaying  and  intensifying  disturbances.  However,  the  actual 
disturbances  one  observes  do  not  have  the  exact  spatial  form  of  the  linear  solutions 
found  in  Part  I.  In  linear  modes,  the  amplitudes  of  all  measures  of  a  disturbance 
evolve  proportionately.  When  examining  data  from  observed  disturbances,  which  do 
not  come  in  one  eigenmode  of  only  varying  amplitude,  different  measures  are  not 
equivalent.  Since  the  spatial  structures  of  real  disturbances  are  so  variable  from  case 
to  case,  and  so  different  from  the  solutions  dividing  decaying  from  growing  states 
presented  here,  it  is  not  clear  when  a  given  disturbance  exceeds  the  threshold  for 
growth. 

To  compare  observed  disturbances  with  this  theory,  the  magnitude  of  the  near 
surface  vorticity  maximum  (with  derivatives  determined  appropriate  to  the  scale  of 
the  cloud  cluster)  may  be  the  best  choice  as  an  amplitude.  Strong  surface  winds 
with  little  vorticity  on  the  cluster  scale,  do  not  force  much  convergence,  and  hence 
do  not  force  much  convection.  Similarly,  a  strong  surface  pressure  signal  from  a 
large  diffuse  system  is  not  conducive  to  development.  In  the  context  of  this  theory, 
relative  vorticity  is  a  good  indicator  of  the  organized  forced  vertical  velocity  out  of 
the  boundary  layer.  This  choice  is  also  consistent  with  the  observations  of  McBride 
and  Zehr  (1981)  on  intensifying  disturbances. 

5.2.  Disturbance  Height  and  Vertical  Instability 

Both  Conditional  Instability  of  the  Second  Kind  (CISK)  and  Wind  Induced  Sur¬ 
face  Heat  Exchange  (WISHE)  rely  on  the  presence  of  an  organized  near  surface 
disturbance  provided  by  some  other  mechanism.  For  Atlantic  hurricanes  the  source 


225 


of  these  disturbances  is  primarily,  though  not  exclusively,  tropical  easterly  waves. 
These  waves  are  thought  to  form  as  shear  instabilities  on  the  African  easterly  jet  at 
about  70  kPa  (Burpee  1972). 

Conditions  required  for  a  disturbance  to  reach  low  levels  have  recently  been 
examined  by  Miller  (1990),  who  extended  the  results  on  vertical  prop^ation  of 
planetary  waves  found  by  Chamey  and  Drazin  (1961).  Another  possibility,  raised  by 
Miller,  is  that  even  evanescent  disturbances  may  have  strong  near  surface  signals.  He 
showed  that  trapped  solutions  may  have  a  larger  effect  at  low  levels  than  propagating 
solutions,  at  least  within  one  or  two  vertical  e-folding  scales  of  the  disturbance  source, 
i.e.  the  jet.  A  great  encouragement  for  use  of  conditions  that  determine  the  vertical 
extent  and  propagation  of  disturbances  in  forecasting  is  that  they  can  be  evaluated 
from  synoptic  scale,  rather  than  mesoscale,  measurements. 

When  convergence  is  forced  by  large  scale  motions,  the  level  of  any  convergence 
is  crucial  for  the  existence  of  CAPE  with  respect  to  the  lifted  parcels.  The  boundary 
layer  is  not  well  mixed  with  respect  to  moisture,  and  0,  often  drops  several  Kelvin  in 
the  lowest  5  kPa.  A  parcel  rising  15  km  with  an  additional  1 K  of  relative  buoyancy 
for  the  entire  depth  of  the  troposphere  provides  about  500  J/kg  of  additional  energy. 
Disturbances  such  as  easterly  waves  that  are  strongest  at  about  70kPa  force  con¬ 
vergence  over  some  depth,  however  convergence  above  the  boundary  layer  provides 
moisture  and  may  lead  to  much  precipitation  but  still  provides  little  or  no  release 
of  CAPE.  In  a  weak  cloud  cluster,  it  has  been  found  that  the  deepest  convection, 
reaching  to  the  tropopause,  had  the  lowest  cloud  bases  (at  450-600  m)  and  occurred 
in  areas  of  large  scale  confluence  (and  assumedly  convergence),  though  this  was  also 
in  an  environment  where  lesser  clouds  had  already  contributed  to  the  moistening  of 
the  area  (Warner  et  of.  1980).  We  expect  that  lower  cloud  bases  should  be  associated 
with  lower  parcel  origination  levels  and  greater  potential  energy. 
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Any  complete  solution  to  the  tropical  cyclone  intensification  problem  must  con¬ 
front  the  problem  that  there  is  a  significant  amount  of  CAPE  that  is  allowed  to  build 
up  without  being  released.  This  potential  energy  must  be  able  to  be  released  by  a 
disturbance  with  a  different  energy  source,  e.g.  barotropic  or  baroclinic.  Possibly 
small  changes  in  the  vertical  shear  structure  affect  the  vertical  propagation  of  dis¬ 
turbances  and  only  small  amounts  of  barotropic  or  baroclinic  energy  are  needed  to 
generate  the  near  surface  cyclone  that  serves  as  a  hurricane  trigger. 

5.3.  Objections  to  CISK  and  Replies 

Emanuel  (1986, 1989)  has  objected  to  CISK  on  several  grounds.  He  noted  (1986)  that 
CISK  is  a  linear  theory  and  if  such  linear  instability  actually  existed  “weak  tropica] 
cyclones  should  be  ubiquitous  and  not  confined  to  maritime  environments.”  Linear 
theory  can  not  capture  the  knowledge  that  tropical  cyclones  arise  out  of  rather  strong 
preexisting  disturbances.  He  also  argued  that  the  assumed  CAPE  does  not  exist  and 
that  the  requirement  for  “moisture  convergence”  attributed  to  CISK  is  insufficient. 
Even  assuming  that  some  CAPE  does  exist,  Emanuel  noted  that  the  boundary  layer 
in  its  undisturbed  state  is  incapable  of  powering  sufficient  pressure  drop  for  a  mature 
tropical  cyclone.  CISK,  as  stated  by  Chamey  and  Eliassen,  makes  no  allowance  for 
increasing  the  entropy  of  the  boundary  layer.  Emanuel  (1989)  has  recently  gone 
further  to  state  that  Ekman  pumping  has  a  negative  effect  on  development,  which 
will  be  explained  below.  An  additional  objection,  noted  by  the  original  proposers  of 
CISK,  is  that  without  internal  friction  CISK  suffers  from  one  of  the  defects  that  it 
sought  to  surmount,  namely  that  moist  convective  theory  leads  to  fastest  growth  for 
the  smallest  spatial  scales  for  many  vertical  heating  profiles.  Each  of  these  objections 
will  now  be  examined  separately. 

There  is  nothing  inherently  linear  in  the  basic  ideas  of  CISK  (see  discussion  in 
Ooyama  1982).  This  work  has  been,  in  fact,  devoted  to  presenting  a  finite  amplitude 
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version  of  CISK  that  exhibits  instability  only  to  finite  amplitude  perturbations.  At 
the  time  of  the  original  CISK  papers,  no  weakly  finite  amplitude  instability  theory 
had  yet  been  published  in  the  fiuid  dynamics  literature.  It  is  therefore  not  surprising 
that  such  techniques  were  not  used.  The  theory  in  this  work  shows  that  one  can  have 
a  CISK  type  theory  with  states  that  are  linearly  stable,  but  yet  unstable  to  finite 
perturbations.  Further,  analysis  of  this  finite  amplitude  system  implies  superexpo- 
nentiad  growth,  consistent  with  the  often  observed  explosive  intensification.  This  is 
also  consistent  with  the  finite  amplitude  numerical  analysis  and  interpretation  of  a 
similar  model  by  vanDelden  (1989),  which  also  exhibits  greater  intensification  for 
stronger  disturbances  with  the  same  forcing. 

Emanuel  has  properly  attacked  the  simplistic,  and  incorrect  notion,  that  '*mois- 
ture  convergence”,  as  proposed  by  Chamey  and  Eliassen  is  sufficient  to  guarantee 
an  energy  source  for  intensification.  Condensation  and  precipitation  can  be  forced 
in  a  stable  environment  with  moisture  convergence.  If  the  environment  is  moist 
stable  such  a  process  releases  no  additional  energy  supply  and  will  have  energetic 
cost  to  drive  the  motion  and  warm  the  atmoshere.  The  work  of  Ooyama  and  that 
presented  here  do  not  suffer  from  this  defect  since  the  cumulus  parameterization  is 
quite  different.  (This  renders  the  term  ”CISK  parameterization”  absolutely  confus¬ 
ing.)  Boundary  layer  mass  convergence  is  crucial  to  CISK,  but  the  boundary  layer 
£ur  must  have  positive  buoyancy  with  respect  to  air  aloft  for  any  net  energy  release 
to  accompany  covergence. 

The  most  recent  addition  to  Emanuel’s  objections  is  based  on  a  simplified  nu¬ 
merical  model  (1989).  He  claims  that 

Ekman  pumping  first  induces  upward  motion  and  adiabatic 
cooling. . . .  The  vortex  core  thus  cools  and  9t  decreases  in  the  subcloud 
layer.  Only  when  the  lower-to-middle  troposphere  becomes  nearly  satu¬ 
rated  can  anomalous  surface  fluxes  counter  the  drjdng  effect  of  convective 
downdrafts  to  the  extent  that  subcloud-layer  9e  actually  increases.  This 
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increase  is  associated  with  an  increase  in  temperature  aloft  and  thus  with 
an  amplification  of  the  cyclone. 

The  process  would  only  occur  as  outlined  if  convection  initiated  from  Ekman  pumping 
was  primarily  shallow  and  the  lifted  parcels  did  not  become  positively  buoyant. 
However,  observational  evidence  shows  deep,  heavily  precipitating,  convection  in 
the  regions  of  positive  Ekman  pumping  (Cho  and  Ogura  1974)  and  detailed  three 
dimensional  numerical  models  also  exhibit  deep  precipitating  convection  in  locations 
with  positive  low  level  vorticity  (Tuleya  1991). 

The  nonexistence  of  CAPE  has  not  been  established.  There  is,  in  fact,  evidence 
for  the  existence  of  significant  amounts  of  CAPE.  Emanuel  is  correct  that  the  undis¬ 
turbed  boundary  layer  has  insufficient  entropy  to  cause  a  pressure  drop  as  great  as 
is  observed  in  a  mature  tropical  cyclone.  It  is  inescapable  that  the  boundary  layer 
entropy  must  be  increased  for  a  tropical  storm  to  reach  hurricane  intensity.  It  does 
not  necessarily  follow  that  the  boundary  layer  entropy  must  be  significantly  increased 
for  the  intensification  process  to  begin. 

Palmen  (1948)  showed  that  for  September  climatology  in  the  North  Atlantic 
tropics,  a  surface  parcel  lifted  pseudoadiabatically  had  a  large  amount  of  relative 
buoyancy  of  order  6  K  in  the  hurricane  region.  A  similar  parcel  in  February  had 
little  CAPE  and  a  relative  buoyancy  of  order  IK.  Kasahara  (1954)  and  Bansal 
and  Datta  (1972)  obtained  similar  results.  So  for  many  years,  the  existence  of  large 
amounts  of  summertime  CAPE  in  the  tropics  was  established  wisdom. 

This  simple  notion  was  challenged  by  Betts  (1982).  He  showed  that  for  some 
soundings  from  GATE  and  a  composite  hurricane  sounding  for  a  mature  storm  at 
about  50  km  from  the  center,  that  the  soundings  were  very  close  to  a  reversible 
moist  adiabat  (condensed  liquid  water  was  retained  in  calculating  parcel  buoyancies). 
However,  tropical  systems  that  do  intensify  rarely  do  so  while  passing  through  the 
GATE  region  and  one  would  expect  the  sounding  of  a  mature  hurricane  to  indicate 


229 


the  exhaustion  of  CAPE.  Xu  (1987;  also  see  Xu  and  Emanuel  1989)  examined  this 
question  more  carefully  for  three  tropical  small  island  stations  during  the  summer 
cyclone  season:  Thik  in  an  area  of  moderate  tropical  cyclone  activity;  Koror  in 
an  area  of  frequent  tropical  cyclone  activity;  and  Majuro  with  few  storms  in  the 
vacinity  (see  climatology  of  Gray  1979).  For  Ibik  he  found  a  shallow  stable  capping 
layer,  with  buoyancies  of  about  1 K  for  parcels  lifted  reversibly  and  about  5  K  for 
pseudoadiabats  in  the  middle  troposphere.  The  errors  were  estimated  at  about  1 K, 
so  the  reversible  path  was  considered  to  be  neutral.^  When  only  soundings  unstable 
for  reversible  ascent  were  included,  the  buoyancies  were  found  to  be  about  2  K,  or 
double  the  standard  deviation.  Buoyancies  were  found  to  be  largest  at  Koror  and 
smallest  at  Majoro,  which  is  consistent  with  the  tropical  cyclone  climatology.  For 
boundary  layer  parcels  at  Koror,  the  buoyancy  for  parcels  lifted  reversibly  exceeded 
2  K  from  90  kPa  on  up  and  even  reached  3  K.  As  noted  earlier,  even  a  1 K  surfeit  over 
the  depth  of  the  troposphere  provides  more  than  500  J/kg.  Further,  Williams  and 
Renno  (1991)  have  shown  that  if  water  loading  is  maintained  for  ascending  parcels 
then  consistency  requires  that  the  latent  heat  of  fusion  be  included,  at  least  at  levels 
with  temperatures  below  — 20®C.  This  heat  often  more  than  compensates  the  energy 
lost  to  water  loading,  providing  large  amounts  of  CAPE  for  rising  parcels,  though 
Williams  and  Renno  ignore  the  fact  that  when  any  of  this  ice  precipitates,  melting 
extracts  this  heat  from  the  atmosphere,  albeit  at  lower  levels.  It  seems  that  even  the 
data  of  Xu  and  Emanuel  do  not  fully  support  their  claim  of  neutrality. 

Frank  and  Cohen  (1989)  performed  numerical  experiments  with  and  without 
forced  low  level  vertical  velocities  using  their  own  cumulus  parameterization.  In  the 
absence  of  forcing  the  resulting  soundings  closely  followed  the  suggestion  of  Betts 

^The  analysis  has  the  peculiar  property,  that  the  greater  the  variance  of  the  data  and 
the  greater  the  assumed  instrumental  error,  the  stronger  the  support  for  the  thesis  of  nearly 
neutral  soundings. 
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by  stabililizing  nearly  on  a  reversible  mobt  adiabat.  With  forcing  the  final  profiles 
were  considerably  more  stable.  That  is,  convection  iniiiated  by  large  scale  weak  low 
level  forcing  is  able  to  extract  far  more  potential  energy  from  the  base  state.  Hence, 
the  reversible  moist  adiabat  with  full  water  loading  may  not  be  a  relevant  reference 
state  in  the  presence  of  low  level  convergence. 

It  is  only  sensible  to  refer  to  a  vertical  profile  as  stable  if  it  is  stable  to  undilute 
ascent  in  the  presence  of  whatever  dissipative  (but  not  entraining)  processes  exist. 
Even  this  is  complex.  A  profile  that  is  neutral  with  respect  to  nonprecipitating 
convection  is  unstable  to  precipitating  convection  if  the  water  content  of  a  parcel 
becomes  less  than  what  would  result  from  adiabatic  cooling  (e.g.  by  loss  of  liquid 
water  due  to  precipitation).  However,  the  presence  of  liquid  water  in  excess  of  what 
can  condense  locally  (e.g.  by  rainfall  into  parcels,  such  as  those  near  cloud  base) 
can  create  a  stable  layer  choking  off  convection.  Even  if  the  tropics  were  neutral 
for  boundary  layer  parcels  rising  while  retaining  their  water  content,  they  are  quite 
unstable  for  the  precipitating  convection  that  actually  occurs  during  most  of  the 
summer  and  early  autumn. 

Objections  to  CISK  based  on  length  scale  selection,  or  the  lack  thereof,  are 
more  subtle.  In  the  context  of  the  viscous  theory  presented  here,  there  is  some 
disturbance  size  that  has  the  smallest  amplitude  requirement  for  growth,  and  this 
size  is  determined  by  the  various  frictional  parameters.  For  the  values  of  these 
parameters  we  have  examined,  the  radius  of  maximum  winds  for  the  disturbance 
requiring  the  smallest  amplitude  for  excitation,  is  a  couple  of  hundred  kilometers. 
This  correspondence  in  scale  with  the  actual  initial  disuturbances  is  fortuitous.  The 
length  scale  dependence  on  frictional  parameters  is  also  weak,  going  only  as  the 
square  root.  For  subcritical  instabilities,  the  initial  length  scale  is  determined  by  the 
size  of  the  initial  disturbance.  This  is  consistent  with  the  observed  large  range  of 
tropical  cyclone  sizes. 
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The  WISHE  theory  of  Emanuel  is  challenged  by  the  recent  simulations  of  Tuleya 
(1991).  In  a  numerical  experiment  from  initial  conditions  that  led  to  a  hurricane, 
when  evaporation  was  fixed,  preventing  feedback  between  surface  winds  and  bound¬ 
ary  layer  entropy,  tropical  storm  strength  winds  were  still  obtained  and  during  the 
early  hours  of  the  experiment  the  growth  rate  was  only  slightly  lessened  from  the  case 
with  feedback.  In  the  hurricane  developing  control  run,  during  early  development, 
the  nmurimji.  in  precipitation,  low  level  vorticity  production  from  vortex  stretching, 
and  upper  level  warming,  were  all  in  phase  with  the  low  level  vorticity  maximum, 
consistent  with  a  CISK  model  of  intensification. 

6.  Conclusions 

This  is  the  first  analjrtic  theory  to  examine  the  need  for  a  finite  amplitude  distur¬ 
bance  for  tropical  cyclone  intensification.  The  need  for  sizeable  disturbances  has  long 
been  recognized  from  observations  and  some  numerical  models.  Nonlinear  mathe¬ 
matical  techniques  have  been  used  because  linear  theory  is  incapable  of  describing  a 
phenomenon  with  an  amplitude  threshold  for  development. 

The  analysis  was  based  on  the  2|  layer  hurricane  model  developed  by  Ooyama 
(1969),  which  includes  a  simple  diagnostic  cumulus  parameterization.  Convection 
is  only  initiated  by  boundary  layer  convergence  and  is  assumed  to  release  available 
potential  energy.  The  primary  effect  of  the  convection  is  to  drive  middle  level  inflow, 
i.e.  entrainment.  The  inflow  is,  in  turn,  responsible  for  convergence  of  angular  mo¬ 
mentum.  The  primacy  of  this  task  is  reflected  in  the  form  of  the  forcing  parameter, 
which  depends  on  the  ratio  of  the  potential  boundary  layer  buoyancy  to  the  middle 
troposphere  stability.  This  is  a  measure  of  the  ease  with  which  convection  drives  in¬ 
flow,  rather  than  an  absolute  measure  of  CAPE.  Warming  is  an  indirect  consequence 
through  geostrophic  adjustment,  with  the  parameterization  chosen,  though  probably 
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less  so  in  nature. 

Linear  stationary  solutions  were  found  for  a  system  with  CISK  type  forcing  and 
dissipative  processes,  including  internal  friction  and  radiative  cooling.  The  heart  of 
CISK  is  that  the  location  of  deep  convection  is  determined  by  the  large  scale  flow, 
through  frictional  convergence,  and  that  this  convection  serves  to  intensify  the  large 
scale  flow.  The  system  was  expanded  to  second  order  to  determine  the  amplitudes 
of  the  St  ionary  solutions  for  a  given  amount  of  vertical  instability.  It  was  found 
that  a  stationary  balance  was  maintained  by  decreasing  the  forcing  for  increases  of 
amplitude.  Hence,  finite  amplitude  stationary  solutions  can  exist  in  forcing  regimes 
that  are  linearly  stable.  Further,  these  stationary  states  were  found  to  be  unstable. 
The  amplitude  of  the  stationary  states  therefore  serves  as  a  divider  between  growing 
and  decaying  disturbances  for  a  given  vertical  stratification.  The  instability  found 
here  is  a  finite  amplitude  version  of  CISK. 

There  are  several  processes  that  contribute  to  the  nonlinear  balance  at  sub- 
critical  values  of  the  forcing  parameter.  The  following  ones  assist  tropical  cyclone 
intensification: 

1.  Since  the  surface  stress  increases  faster  than  linearly  with  tangential  velocity, 
the  Ekman  pumping  also  increases  faster  than  linearly.  Therefore,  there  is  an 
accompanying  more  rapid  than  linear  increase  in  the  cumulus  heating. 

2.  The  presence  of  a  finite  amplitude  disturbance,  cyclonic  at  low  levels  and  an- 
ticyclonic  aloft,  leads  to  advection  by  the  disturbance  of  disturbance  angular 
momentum  in  addition  to  the  planetary  angular  momentum.  In  the  lower  level 
cyclone  this  serves  to  help  increase  the  cyclonic  flow.  In  the  upper  level  an- 
ticylone  this  serves  to  weaken  the  faulting  anticyclone,  which  decreases  the 
energetic  drain  of  the  upper  level  flow  on  the  overall  system,  and  assists  in 
cyclone  development. 
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3.  And  in  a  vein  similar  to  WISHE,  the  tangential  velocities  increase  the  surface 
entropy  flux  and  can  lead  to  an  increase  in  the  near  surface  entropy.  The 
increased  boundary  layer  entropy  leads  to  more  intense  convection  in  the  loca¬ 
tions  with  positive  Ekman  pumping,  which  are  also  in  phase  with  the  positive 
temperature  perturbations  aloft. 

It  is  clear  that  many  of  the  objections  to  CISK  have  already  been,  or  can  be, 
defeated.  The  objection  that  CISK  is  a  linear  theory,  and  hence  cannot  show  the  need 
for  a  finite  amplitude  disturbance,  has  been  quashed  here  (if  one  was  not  satisified 
by  the  numerical  work  in  Ooyama  1969).  CISK  theories  do  require  a  reservoir  of 
CAPE,  but  there  is  no  need  that  the  initial  CAPE  be  suflScient  to  generate  a  mature 
storm,  only  that  it  be  sufficient  to  overcome  dissipative  processes.  In  this  work,  as 
well  as  Ooyama’s  (1969)  numerical  integration,  even  an  increase  in  the  boundary 
layer  entropy  was  incorporated  into  a  CISK  t}rpe  theory.  The  naive  reliance  on 
moisture  convergence  is  not  part  of  the  formulation  used  here,  nor  was  it  used  in  any 
of  Ooyama’s  work. 

The  finite  amplitude  nature  of  the  instability  here  is  tied  to  the  existence  of 
dissipative  processes.  In  Part  I  we  showed  that  even  minimal  internal  dissipation 
prevents  linear  instability  producing  hurricane-like  disturbances.  However,  even  un¬ 
der  conditions  that  are  linearly  stable,  sufficiently  intense  disturbance  initiated  with 
a  different  mechanism  are  capable  of  extremely  rapid  intensification  through  CISK 
processes. 
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Appendices 

A.  The  Linear  System 


The  linearized,  transformed,  self-adjoint  system  for  v  s  (vi,  V3,  vj)  is: 


where 


KM  -  M  -  BK^  -f- 1  -  M  -  BK  1 

M-BK  -B  0 

1  0  0 

^j^-M  +  BK-B  -^  +  B 

-l^  +  B  f 

M  J 


{A.1) 


(A.2) 


(A.3) 


with  the  nondimensional  parameters  M  s  ^/ib„  K  s  “d  B  s  jk]. 

This  vector  equation  governs  first  order  stationary  and  slowly  varying  solutions. 

The  transformation  matrix  used  to  reach  this  form,  also  used  in  the  nonlinear 
calculations  below,  is 


M  -  ^  -  BK  M-BK  1 


-B  0 


(A.4) 


This  form  is  unique  up  to  multiplication  throughout  by  a  constant. 
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B.  Details  of  the  Nonlinear  Problem 


B.l.  Expansions 

The  expansion  of  requires  the  expansion  of  the  v,..  The  first  order  expansion 
of  eq.  (2.11)  for  Xo»  stationary  (7  »  0)  or  slowly  varying  (7*®^  *  0,  7^*^  0) 


solutions,  results  in  an  inhomgenous  equation  for  Xo  • 

I  -  xDr  .  (B.1) 

This  can  be  integrated  using  solutions  for  and  from  the  linear  stationary 
problem.  With  the  boundary  conditions  ^  0  and  *r(r.)=0, 

r"  *'  dr’  .  (B.2) 

At  lowest  order,  is  fixed.  The  first  order  expansion  from  eq.  (2.12)  is 

.  (B.3) 

With  the  linearization  of  an  equation  proportional  to  eq.  (2.10)  and  the  boundary 
condition  x^  Vi)  =  0, 


(B.4) 


The  radiative  cooling  at  lowest  order,  Q~^^\  is  proportional  to  X2^^  aiid  is  obtained 
directly  from  this  expression.  The  value  of  Xi  assumed  constant  at  all  orders. 

At  second  order  there  are  differences  between  the  stationary  and  the  slowly 
varying  time  dependent  expansions  for  the  vertical  velocity  out  of  the  boundary 
layer  with 


(B.5) 
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applying  to  stationary  solutions  and 

^(a)  _  2aa^,  aaV^>fto  drv^i^ 

f  rdr  f  rdr 

Mas  fCo.  (1).  <11  t.  (i)ani}‘> 

*  rdr'  /  l”>  I*'  -/J**  TaT 
■  ^ 


(B.6) 


applying  to  slowly  varying  solutions.  The  spatial  forms  of  up  and  up  are  not 
the  same,  hence  the  use  of  the  diacritical  marks  above  the  (2)  to  distinguish  them. 
Note  that  a  3*t>p,  but  uj*^  s  2aa»p.  For  later  convenience  when  the  linear 
and  nonlinear  terms  will  be  included  in  separate  integrals  in  creating  the  solvability 


conditions  at  second  order,  is  defined  as  but  without  the  terms  linear  in 
the  uP,  i,e.. 


rdr 


ss  2ali~^ 
rdr 


(!)•  (1)  k, 

-|ui  VI  V  -  jl^t^P-;;:^ 


a  2oatu‘**> 


(B.7) 

(B.8) 


Similar  expansions  can  be  performed  for  etc. 

The  diffusion  terms  will  not  be  complicated  further.  For  second  order  terms 
only  Vj  wiU  be  expanded  with  kj  a  kf^  and  JbP  =  0,  which  ignores  the  dependence 
of  kj  on  hj. 


B.2.  Weakly  Nonlinear  Equations 

Integrations  for  function  such  as  Q-<‘>,  and  all  of  the  integrals  of  higher  order  terms 
needed  later,  were  performed  using  a  simple  trapezoidal  rule  on  a  fixed  mesh.  The 
mesh  consisted  of  100  equal  intervals  from  0  to  tq  and  100  equal  intervals  from  tq  to 
r, .  The  scheme  is  good  to  one  part  in  10*  when  comparing  the  integrals  So  ^r  dr 
with  Vj(r')  as  a  test.  We  define  the  operator  D^v  s  ^  (g).  Terms  of  the  form 
u,D*u^  were  first  integrated  once  by  parts. 
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Since  the  stntionniy  equations  can  be  easily  derived  from  the  time  dependent 
^tem,  only  the  latter  is  presented  here.  The  coupled  time  dependent  inhomgeneous 
equations  at  second  order  are 


+  (oa  +  aa)  |ci**y*4**^  +  -  vi‘^)r 

aSrf^^Uh!^^V2^r  =  2oa(A4®Va^t4*’  +  -  t4*V  +  k,v^<^T]  (B.IO) 

+  (aa  +  aa) 


^(737)  (»>  )- 


2aa  +  6/(t4’>  -  »1*') 


-(aa  +  aa)-i(Q<*> -»>*>) 

dr 


ya7^^^av!‘V  +  2aa^  ||;S*^|  vj*V  -  2aa~^^i;S*V 


(B.ll) 


(B.12) 


The  first  line  of  each  of  these  four  equations  after  the  equals  sign  is  similar  to  the 
terms  of  the  first  order  stationary  or  slowly  varying  equations.  For  the  time  depen¬ 
dent  equations,  0  =  1.  The  remaining  terms,  including  those  on  the  left  hand  side 
are  inhomogeneous. 

The  second  order  stationary  equations  can  be  easily  obtained  from  eqs.  B.9-B.12 
by  setting  7^**  to  zero,  <7  =  2,  and  all  of  the  tildes  are  changed  to  overbars  (e.g. 
to 
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Before  proceeding  we  will  examine  the  integral  on  the  left  hand  side  of  eq.  (B.12). 
From  the  equations  for  geopotential  perturbtion  in  Part  I,  g 
We  also  have  From  the  expansion  of  the  gradient  wind  relation, 

fv[^\  Integrating  once,  multiplying  by  r  and  again  integrating  leads  to 


= i  [r  j  r  [r 

The  integration  constants  have  been  determined  by  requiring  that  $[^^(0)  = 
s=  0.  These  are  the  only  conditions  consistent  with  eqs.  (B.9)-(B.12). 

We  now  rework  eqs.  (B.9)-(B.12)  into  the  vector  form: 


where 


s=  aa»7^^^ 


/  0 

0 

,  /fci  ^  , 

\  k,  ~dr  / 


+  557^^^ 


*<•>»<*> 

ft,  w, 


2aa 


Q+C)(vJ'>-v<»)  + 


\ 


(B.H) 


To  obtain  needed  for  the  stationary  problem,  from  set  7^^^  to  zero,  <7  =  2, 
and  all  of  the  tildes  are  changed  to  overbars. 
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Parameter  Values  and  Eigenvalues 
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Table  1;  Values  of  parameters  used,  eigenvalues  of  the  linear  solution  in  figure  1,  and 
resulting  supplementary  parameters.  Several  parameters  are  not  independent. 
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Evaluation  of  Integrals 
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Table  2:  Values  of  integrals  needed  for  both  stationary  and  time  dependent  cases. 
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Finite  Amplitude  Instability  Criteria 


With  Varying  Co 
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0.001 

-4.2 

3.8  •  10"« 

0.002 

-4.9 

4.5  •  10-« 

0.003 

-5.6 

5.1  •  10-« 

Table  3:  Variations  in  finite  amplitude  instability  criteria  with  variations  in  bulk 
momentum  diffusion  coefiScient,  Co.  All  other  parameters  are  as  in  table  2. 


Finite  Amplitude  Instability  Criteria 
With  Varying  Coriolis  Parameter 
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5.0  lO-* 
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-5.3 

4.8  •  10-* 

0.48 

1.0- 10-* 

-5.3 

4.8  lO-® 

0.34 

Table  4:  Variations  in  finite  amplitude  instability  criteria  with  variations  in  Coriolis 
parameter.  The  dimensional  cooling  parameter,  b,  is  allowed  to  vary,  so  that  the 
nondimensional  cooling  parameter,  B,  can  be  held  constant.  All  other  parameters 
are  as  in  table  2,  with  the  exception  of  V. 
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Finite  Amplitude  Instability  Criteria 
With  Varying  Lateral  Diffusion 
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-5.5 

5.0  lO-* 

0.63 

4.0  •  10^ 

-6.8 

6.2  lO-* 

0.68 

Table  5:  Variations  in  finite  amplitude  instability  criteria  with  proportional  varia¬ 
tions  in  the  lateral  diffusion  coefiicients,  and  keeping  K  constant. 


Finite  Amplitude  Instability  Criteria 
With  Varying  Vertical  Diffusion 
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-4.9 

4.5  10-® 

0.62 

0.006 

-4.2 

4.6  •  10-® 

0.58 

Table  6:  Variations  in  finite  amplitude  instability  criteria  with  proportional  varia¬ 
tions  in  the  linear  boundary  layer  diffusion  coefficient  k,  and  the  vertical  diffusion 
coefficient  /x.  The  vertical  diffusion  ratio,  M,  is  kept  constant,  so  /x  is  also  increasing 
as  one  moves  down  the  table  entries. 


248 


Finite  Amplitude  Instability  Criteria 
With  Varying  ri 


ri 

/yi) 

(sec-*) 

6.0 

-4.9 

4.5  •  10-« 

8.0 

-5.1 

5.0  •  10-« 

10.0 

-5.3 

5.2  •  10-« 

Table  7:  Variations  in  finite  amplitude  instability  criteria  with  variations  in  overall 
disturbance  size,  ri.  There  is  very  slight  variation  in  and  ro  between  entries  (see 
Part  I). 


Finite  Amplitude  Instability  Criteria 
With  Varying  Upper  Level  Lateral  Diffusion 


( m®/sec) 
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5.00  •  10^ 

0.50 

3.36 

-7.5 

1.1  •  10-* 

1.49 

1.25  lO* 

0.20 

2.64 

-6.4 

6.6  •  10-« 

0.80 

Table  8:  Variations  in  finite  amplitude  instability  criteria  with  variations  in  the  upper 
level  lateral  diffusion  coefficient,  The  lateral  diffusion  ratio,  K,  is  varied  so  as 
to  keep  constant.  The  cooling  parameter  is  set  at  B  =  0.005. 
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Figoje  1:  A  solution  to  the  linear  stationaiy  problem  with  M  s  0.5,  K  s  0.2,  B  s 
0.05,  ri  s  6.0.  The  velocities  and  are  the  upper  and  lower  layer  tangential 
velocities,  respectively,  and  is  proportional  to  the  lower  layer  inflow  velocity.  The 
are  all  equal  to  zero  at  the  origin  and  can  be  distinguished  according  to  the  key 
in  the  upper  right  comer.  The  line  for  has  a  positive  value  at  the  origin  and  is 
proportional  to  the  Ekman  pumping. 

Figure  2:  First  order  variations  of  the  boundary  layer  and  upper  layer  entropy,  xo^ 
and  \  respectively,  for  the  linear  solution  in  figure  I  and  the  parameters  in  table  1. 

Figure  3:  First  order  variation  of  the  forcing  parameter  due  to  entropy  changes,  i.e. 
based  on  the  xj^^  of  figure  2. 

Figure  4:  Orbits  for  the  amplitude  equation  §  «  -1.5  •  lO^^o  +  5  • 

Figure  5:  Schematic  of  the  regions  of  decaying  and  growing  states  as  a  function  of 
disturbance  amplitude,  a,  and  ambient  forcing  parameter,  Points  in  the  area 
labeled  decaying  evolve  to  the  rest  state,  or  if  above  the  upper  branch  decay  to  a 
mature  state.  Points  in  the  area  labeled  growing  evolve  towards  the  upper  branch. 
The  intercept  on  the  horizontal  axis  gives  the  critical  value  of  the  forcing  parameter 
for  linear  instability.  The  solid  line  shows  the  dependence  of  the  threshold  amplitude 
as  a  function  of  the  ambient  forcing  parameter  for  small  amplitude  disturbances,  as 
calculated  in  table  2.  The  dense  dotted  line  shows  a  conjectured  extension  of  that 
stability  boundary,  where  the  upper  and  lower  branches  are  assumed  to  eventually 
connect  at  the  left.  (The  conjectured  upper  branch  would  be  determined  a  differ¬ 
ent  dominant  balance  than  found  in  the  solutions  examined  here.)  The  sparse  dotted 
line  indicates  a  possible  behavior  for  a  stability  boundary  that  would  greatly  limit 
the  usefulness  of  this  type  of  theory,  but  is  not  thought  to  occur.  Note  the  break  in 
the  amplitude  (vertical)  scale. 
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FIGURE  3 
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Guest  Editorial 

When  Joseph  Fourier  (1824)  compued  the  actioa  of  the  atmosphere  on  the  Eaith  to 
that  of  glass  covering  a  bowl,  he  was  attempting  to  understand  Eaith’s  temperature 
in  tenns  of  the  radiation  balance  between  incoming  solar  radiation  and  outgoing 
dark  radiation  to  space.  When  Svante  Arrhenius  (1896)  calculated  the  effect 
of  variadons  in  atmospheric  concentradtm  of  carbonic  acid  on  the  temperature 
of  Earth’s  surface,  be  was  seeking  to  explain  how  large  climate  changes  could 
have  occurred  in  the  past  Arrhenius  (1903)  was  also  prescient  to  suggest  that 
anthropogenic  sources  of  carbtm  dioxide  (CO2)  might  lead  to  a  wanning  in  the 
future.  However,  as  a  Swede  he  did  not  consider  this  much  of  a  problem,  nor  did  be 
expect  that  the  added  CO2  would  be  significant  for  several  centuries.  The  process 
of  assembling  the  following  “Annotated  Bibliography  on  the  Greenhouse  Effect 
and  Cnimate  Change**  has  made  us  aware  of  many  tmids  in  the  study  of  climate. 
In  the  1800s,  climate  studies  were  devoted  to  explaining  the  current  climate  and 
the  great  changes  of  the  geological  past  Recently,  climate  change  research  (or 
at  least  the  on-paper  jusdficadon)  has  focused  almost  exclusively  on  prediction  of 
future  clinute  chuge  due  to  human  activity  and  the  repercussions  of  such  climate 
change.  We  will  examine  some  of  the  consequences  of  that  focus  shift  and  make 
some  suggestions  for  future  research  agenda. 

Water  and  Heat 

The  relative  importance  of  water  and  carbon  dioxide  in  controlling  surface  temper¬ 
atures  remains  one  of  the  most  important  unsettled  scientific  problems  related  to 
greenhouse  change.  This  issue  can  be  traced  at  least  as  far  back  as  the  1860s,  when 
John  lyndall  argued  for  the  overriding  importance  of  water  vapor  while  Gustav 
Magnus  argued  that  there  was  signified  infrared  absorption  by  “dry  air**.  Today 
the  debate  is  over  the  sign  of  feet&acks  involving  water  aiul  bow  these  interact 
with  increasing  COi.  Accurate  measurement  of  atmospheric  water  and  its  effects 
on  the  radiation  balaiKe  of  the  atmosphere,  should  be  nuide  a  top  priority.  We  are 
encouraged  by  some  movement  in  this  direction. 

With  their  excellent  temporal  and  spatial  coverage,  satellites  are  being  touted  as 
the  ultinute  in  measurement  platforms  for  both  water  and  temperature.  However, 

’Never,  no  maner  what  nuy  be  the  profiess  of  science,  will  honest  scientists  who  care  for  their 
reputation  venture  to  predkt  the  weatto. 
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such  obseivatioas  will  not  be  tnisted  without  in  situ  measuremoits  using  sensots 
significantly  better  than  those  presently  on  conventional  radiosondes.  This  is 
particuiarly  true  for  measurements  of  umospberic  water.  More  effort  is  needed  on 
in  situ  measurements  and  on  observational  programs  that  can  provide  long  time 
series  of  homogeneous  data.  Further,  as  new  instruments  are  introduced  they  should 
be  run  in  parallel  with  existing  ones  for  longer  periods  of  tune  than  has  been  pest 
practice.  Too  much  of  the  existing  data  are  considered  suspea  for  climate  studies 
because  of  calibradon  problems. 

Desihte  the  fact  that  most  discussions  of  greenhouse  change  focus  on  the  heat 
balance,  changes  in  the  hydrological  cycle  will  have  a  much  greater  ^ect  on 
humans  and  the  biosphere  than  changes  in  temperature.  The  emphasis  on  ton- 
perature  change  is  mostly  due  to  a  lack  of  confidence  in  our  knowledge  of  water 
issues.  Precipitation  and  atmospheric  water  have  great  variance  on  small  spatial 
and  temporal  scales,  most  of  which  goes  unmeasured.  The  lack  of  information 
on  water  processes  can  be  traced  to  the  daunting  difficulty  they  present  to  anyone 
considering  their  study.  Though  changes  of  a  few  degrees  in  temperature  migto  be 
an  inconvenience,  changes  in  water  resources  by  a  factor  of  two  are  a  likely  result 
of  greenhouse  change  in  many  regions  and  could  cause  severe  problems  while 
exacerbating  existing  ones. 

Science  and  Engineering 

In  the  1890s.  Thomas  Chamberlin  examined  climate  change  over  geological  time 
scales  as  part  of  an  effoit  to  uiKlerstand  Earth’s  formation  and  development  Cham- 
beriin  was  already  an  exception  to  the  increasing  specialization  in  the  sciences. 
There  have  been  few  reversals  in  this  trend  towards  narrower  fields  of  study. 
As  perhaps  the  quintessential  interdisciplinary  research  field,  greenhouse  climate 
change  is  reunif^ng  the  earth  sciences,  which  had  become  extremely  specialized. 
Study  of  the  carbon  cycle  is  forging  links  between  the  earth  and  life  sciences.  In  ad¬ 
dition,  greenhouse  climate  chaise,  with  its  deep  links  between  human  and  natural 
systems,  may  provide  one  of  the  best  opportunities  for  clarifying  the  methodologies 
connecting  the  natural  and  social  sciences.  We  are  impressed  by  the  many  scientists 
who  have  put  in  great  effoit  to  understand  the  work  and  methodologies  of  fields 
outside  of  their  own.  Many  researchers  now  regularly  confer  with  colleagues  with 
whom  they  felt  they  had  little  in  common  only  a  few  years  ago. 

Developing  a  background  in  specialties  outside  of  one’s  own  is  difficult  and 
time  consuming.  The  following  Bibliography  came  out  of  our  efforts  to  educate 
ourselves,  it  was  encouraged  by  many  colleagues  who  either  attempted  to  re¬ 
duce  our  ignorance  or  wanted  copies  of  our  growing  computerized  reading  list  for 
themselves.  It  is  a  testament  to  the  quality  and  vast  quantity  of  literature  relating 
to  climate  change  and  the  greenhouse  effect  that  much  go^  work  has  been  left 
untouched  by  the  Bibliography.  Still,  we  hope  our  compendium  will  make  it  easier 
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for  at  least  a  few  workers  to  cope  with  the  increasing  interactioas  between  the  many 
disciplines  that  relate  to  climate  change. 

The  rise  in  interdisciplinary  activity  around  climate  change  research  has  led  to 
the  discovery  of  increasing  complexity.  The  number  and  extent  of  intmconnecdons 
are  proving  to  be  a  rich  source  of  surprises,  making  many  simplifying  assumpdons 
difficult  to  justify.  The  increase  in  the  accepted  level  of  complexity  underlies  a 
real  shift  in  research  methodology  to  encompass  a  concern  with  the  behavior  of  the 
complete  climate  system.  This  shift  is  one  frcMn  a  traditioQalscientiiic  methodology 
to  an  engineering  based  methodolt^.  The  goal  of  science  has  typically  been  one 
of  simplifying  problems  to  understand  processes;  engineering  deals  with  problems 
that  one  must  solve  practically  in  all  thdr  complexity. 

The  requirements  of  the  policy  and  political  communities,  along  with  the  public, 
for  understanding  the  climatic  consequences  of  increasing  greenhouse  gases  have 
pushed  many  scientists  into  the  unfamiliar  roles  of  forecaster  and  engineer.  The 
scientific  community  is  at  best  unprepared  and  perhaps  even  unsuited  for  these  tasks. 
Though  short  term  weather  forecasting  is  now  largely  an  engineenng  problem,  it 
has  a  sufficient  experience  base  to  use  parameterizadons  that  at  least  work,  even  if 
they  can  not  fully  be  jusdfied  from  first  principles.  We  are  far  from  being  confident 
in  the  small  scale  parameterizadons  of  climate  models  because  of  the  lack  of  ability 
to  confirm  results.  This  problem  is  not  likely  to  be  solved  in  the  near  future. 

The  shift  in  research  focus  toward  prediction  of  future  climate  has  lead  to  the 
placing  of  increased  emphasis  on  the  modelling  of  clirruue  by  Cieneral  Circulation 
Models  (GCMs).  A  large  fraction  of  all  climate  rrrodelling  efforts  is  now  being 
devoted  to  simulations  of  climate  with  increased  CO2.  Though  we  have  learned 
much  ftom  past  efforts  of  this  type,  these  should  be  de-emphasized  in  favor  of 
more  detailed  comparison  of  models  with  the  present  climate.  The  forefront  of 
the  modelling  effort  consists  of  models  coupling  the  atmosphere  and  oceans.  The 
present  discordance  between  atmospheric  and  oceanic  mo^ls  when  coupled,  re¬ 
quiring  large  energy  and  water  flux  corrections  at  the  interface,  makes  us  suspicious 
of  both  types  of  models.  Simulations  with  increased  CO2  provide  little  verification 
feedback  to  the  modelling  process.  More  detailed  examinations  should  be  made 
of  changes  associated  with  the  seasonal  cycle,  diurnal  cycle,  volcanic  aerosols,  in¬ 
dustrial  aerosols,  and  land  use  changes.  Further,  energy  fluxes  should  be  examined 
more  closely  in  models,  sitKe  the  fluxes  better  reflect  the  physical  processes  than 
sute  varud>les  (such  as  temperature).  Simpler  models,  such  as  two  dimensional 
ones,  should  not  be  neglected.  These  are  useful  for  understanding  the  climate 
system  and  identifying  important  processes,  even  if  they  can  not  produce  the  grail 
of  acctuate  regional  forecasts.  In  all  their  complexity,  CrCMs  are  often  as  difficult 
to  fathom  as  the  real  atmosphere.  For  the  engineering  approach  using  complex 
models  to  progress,  itKteased  emphasis  is  needed  on  the  scientific  approach  of 
understanding  processes  in  a  simpler  context 


Qimalic  Change  June  1992 


257 


Maik  Dtvid  Handel  and  James  S.  Risbey 


Uncertainty  and  Equity 

Despite  all  the  uncettaindes,  a  consistent  scientific  picture  seems  to  be  emeiging. 
The  observed  mean  surface  temperature  increase  over  the  past  century  has  been 
smaller  than  most  sensitivity  estimates  of  the  climate  to  increasing  greenlMuse  gases 
alone  would  predict  However,  inclusion  of  increases  in  Northern  Hemisphere 
industrial  aerosols  in  the  radiation  balance  plausibly  accounts  for  the  discrepancy 
(Charlson  1992).  Observations  indicate  that  the  increase  in  Northern  Hemisphere 
temperature  has  been  mostly  at  nighttime  (Karl  et  aL  1991).  This  fits  a  picture  of 
anthropogenic  climate  change  from  increasing  both  greenhouse  gases  and  aerosols. 
The  ‘‘consensus”  estimates  of  clinute  sensitivity  to  CO2  are  consistent  with  the 
paleoclimate  recwds  of  temperature  and  CX>2  concentration.  If  it  were  not  for 
tte  policy  ramifications,  the  scientific  results  on  greenhouse  change  on  the  whole 
appear  orderly  and  well  founded,  especially  when  compared  with  the  levels  of 
agreement  and  consistency  of  many  other  scientific  problems. 

Some  pundits  rely  with  great  faith  mi  a  favorite  economic  model  to  forecast  great 
economic  cost  and  disruption  for  reducing  greenhouse  gas  emissions  while  at  the 
same  time  decrying  the  quality  of  climate  models.  Rind  et  al.  (1988)  have  noted 
that  the  foundations  of  the  climate  models  are  far  firmer  than  those  of  the  economic 
models.  For  small  perturbations  to  the  climate  system  (say  less  than  S  K),  not 
leading  to  dramatic  qualitative  changes  to  the  atmospheric  or  oceanic  circulations, 
existing  atmospheric  GCMs  or  coupled  models  are  useful  for  examining  climate 
trends  on  continental  spatial  scales  and  decadal  temporal  scales  over  the  next 
century.  Projections  on  smaller  scales  and  analyses  of  possible  radical  changes, 
desired  by  many  in  the  policy  community,  are  not  likely  to  be  trustworthy  for  some 
time.  Other  than  an  awareness  that  hydrological  processes  are  very  sensitive  to  even 
small  climate  changes,  there  is  little  knowledge  of  how  water  resources  are  likely 
to  change  with  global  warming.  Even  if  existing  models  are  largely  correct,  we 
are  unlikely  to  believe  forecasts  of  dramatic  changes  very  far  from  our  experience. 
This  is  a  worrisome  attribute  of  human  nature. 

Issues  of  scientific  uncertainty  are  most  often  raised  when  considering  mandating 
changes  in  economic  activity  to  protect  the  environment  The  costs  of  mitigating 
climate  change  do  not  fall  on  the  same  individuals  or  at  the  same  time  as  the 
costs  of  adapting  to  climate  change.  Some  macroeconomic  studies  have  contended 
that  reducing  greenhouse  gas  emissions  will  be  very  costly,  perhaps  even  mote 
costly  than  adapting  to  climate  change.  Other  studies  have  contended  that  there 
will  be  net  beiwfits  from  great  reductions  in  our  energy  consumption  even  in  the 
absence  of  climate  change.  Regardless,  we  should  be  wary  of  analyses  that  only 
examine  effects  on  gross  product  but  ignore  equity  issues.  In  the  framework  of 
macroeconomic  theory,  bank  robbery  is  a  zero  sum  activity.  Microeconomic  studies 
on  the  effects  of  climate  change  on  specific  sectors,  locales,  and  groups,  as  well  as 
studies  on  the  economics  of  energy  usage,  are  of  more  immediate  value.  Just  as  in 
climate  research,  we  feel  it  is  important  in  economics  to  emphasize  process  studies 
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and  small  scales.  In  particular,  further  aiudysis  is  needed  of  the  barriers  to  energy 
technology  substitutions  and  conservation,  the  costs  of  possible  climate  change, 
ways  of  arranging  transfer  payments  to  those  who  bear  those  costs  but  gain  few  of 
the  benefits  of  activities  leading  to  greenhouse  gas  emissions,  and  the  changes  in 
living  conditions  associated  with  alternative  policy  strategies.  Studies  that  mostly 
emphasize  changes  in  growth  of  gross  product  are  as  useful  as  climate  forecasts 
that  focus  only  on  changes  in  the  global  mean  temperature. 

Most  greenhouse  gas  emission  scenarios,  with  their  resultant  climate  change  and 
economic  projections,  are  not  forecasts;  they  are  decision  making  tools.  There 
are  fatalists  who  feel  that  our  course  is  set,  and  some  who  feel  they  can  predict 
it  However,  we  prefer  to  believe  that  the  information  we  are  accruing  stands 
some  chance  of  influencing  future  human  behavior.  Some  millenia  from  now,  as 
Arrhenius  (1908)  and  Callendar  (1938)  suggested,  we  may  even  use  greenhouse 
gases  to  prevent  the  next  ice  age. 
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Molivattoa: 

1  would  like  to  compute  energetic  coostiainis  on  li^tning  leader  propagation.  I  would  also  like  to 
compute  stability  conditions  for  that  pcopagadon.  Both  of  these  compulations  require  an  understanding  of 
how  rapidly  the  leader  cools.  Were  this  cooling  due  to  conductioo  alone,  we  could  compute  it,  given  channel 
radius.  But  time-resolved  photography  (Vince  Idone.  private  communication)  strongly  suggests  that 
lighming  channels  are  deformed  by  turbulence,  and  hence,  cooled  by  mrbulent  convection.  The  only 
measurements  of  lightning  channel  cooling  rate  are  measurements  of  the  rate  of  decay  of  radar  echoes  from 
lighming. 

Conclusions: 

Radar  echo  decay  rates  vary  from  .1  dB/ms  to  5  dB/ms.  These  decay  rates  are  almost  certainly  due  to 
decay  of  election  number  density  (other  explanations  don't  work).  The  decay  of  electron  number  density  is 
almost  certainly  due  to  decay  of  temperature  (other  explanations  don't  work).  0. 1  dB/ms  to  5  dB/ms  implies 
3  to  120  kelvins/ms.  These  decay  rates  require  either  surprisingly  small  turbulent  diffusivities  (<  .01  m‘''2/s) 
or  surprisingly  large  electric  fields  in  the  decaying  lighming  channel. 

What's  in  the  rest  of  this  section: 

A  sununary  of  past  measurements  and  my  interpretation  of  those  nMasurements. 
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Lightning  radar  reflectivity:  0. 1  m^/m  during  current,  0  m^/tn  between 

strokes 

With  a  12  GHz  CW  radar,  we  viewed  1 .5  m  of  a  triggered  lightning  channel.  Between  strokes,  radar 
echoes  fell  to  less  than  1  ctn^,  indicating  channel  conductivity  less  than  one  siemens.  During  current,  the 

1.5  m  segment  had  a  cross  section  between  200  cm^  and  1700  cm^,  which,  naively  inteipreted,  requires  an 
overdense  i^asma  1  to  1 1  centimeters  in  diameier.  In  strokes  followed  by  long  continuing  current, 
reflectivity  remained  relatively  constant  fw  tens  or  hundreds  of  milliseconds,  then  fell  faster  than  0.2  dB/ms. 
In  strokes  not  followed  by  long  continuing  current,  reflectivity  began  decaying  immediately,  at  3  to  5  dB/ms. 
These  echo  decay  rates  imply  3  to  30  K/ms  temperature  decay. 

1.  History 

Browne  (19S1]  made  the  first  attempt  to  interpret  echo  brightness;  be  imagined  a  line  of  electrons 
perpendicular  to  the  beam,  each  electron  uninfluenced  by  the  motion  of  its  neighbtMs.  He  computed  duu  he 
needed  S  10^^  electrons  per  meter  to  reproduce  his  radar  signal. 

Ligda  [1956]  remind^  us  that  electrons  ignore  neighbors  only  if  there  are  few  neighbors  (underdense 
plasma).  With  sufficieot  electron  density  (overdense  plasma),  the  electrons  collectively  reflect  almost  all  the 
incident  energy.  Because  further  increases  of  electron  density  cannot  further  increase  the  radar  reflectivity, 
radar  cannot  determine  the  electron  density,  it  can  only  provide  a  lower  bound.  Ligda  imagined  the 
lightning  as  at  least  one  channel,  with  a  radius  of  at  least  two  centimeters. 

//ewin(1957],  with  radar  equipment  designed  for  the  study  of  lightning,  measured  reflectivity  versus 
distance  each  millisecond.  He  observed  some  echoes  decaying  a  few  milliseconds  after  a  stroke,  while  other 
echoes  endured  for  tens  of  milliseconds,  then  dropped  20  dB  in  the  ten  milliseconds  immediately  preceding  a 
subsequent  return  shoke.  Rapidly  decaying  echoes  most  often  occurred  at  low  elevation;  enduring  echoes,  at 
high  elevation.  The  radar  reflecting  region  grew  about  20  km/ms  in  the  inte.  >^ai  between  strokes. 

Hewitt  imagined  the  rapidly  decaying  echoes  to  be  cooling  channels  of  the  previous  return  stroke,  and  the 
enduring  and  extending  echoes  to  be  new  channel  growth  inside  the  cloud.  He  reminded  us  that  collisions 
reduce  the  radar  reflectivity,  and  that  collision  ftequency  is  an  increasing  funaion  of  electron  energy. 

Hewitt  assumes  a  field  inside  the  lighming  arc  of  3  MV/m,  which  in  1957  implied  a  collision  frequency  of 

4.5  10^  ^  Hz.  Hewitt  computed  that  this  large  collision  frequency  should  cause  99%  absorption  of  his  radar 
signal.  Assuming  that  a  300  meter  long  section  of  channel  will  contain  50  meters  reflecting  in  phase,  Hewitt 
computed  that  2.4  10^^  electrons  per  meter  would  reproduce  his  radar  signal.  Assuming  a  channel  dianwter 
of  2  cm,  he  derived  a  volume  density  of  2.5  10^^  electrons  per  meter  cubed.  He  knew  that,  without  some 
ionizing  process,  electron  ion  recombination  would  reduce  this  density  more  than  three  orders  of  magnitude 
in  a  millisecond.  His  lightning  echoes  last  tens  of  milliseconds.  Hewitt  imagines  electron  density  to  be 
maintained  by  a  steady  current  in  the  new  channels  during  the  interstroke  interval. 

Atlas  [1958]  offers  a  different  explanation  for  the  long  duration  of  lightning  echoes;  a  large  (cloud  sized) 
volume  of  low  electron  density  plasma  as  the  radar  target.  (Malan  proposed  the  same  geometry  in  1937). 
Since  Atlas,  like  Hewitt,  assumes  electrons  are  removed  only  by  recombination  with  positive  ions,  he  had  the 
recombination  rate  equal  to  the  product  of  electron  density  and  positive  ion  density.  He  took  the  positive  ion 
density  equal  to  the  electron  density  (no  negative  ions)  and  computed  that  10^^  to  10^^  electrons  per  cubic 
meter  would  require  100  milliseconds  to  100  seconds  to  decay  to  one  tenth  their  initial  number,  in  agreement 
with  his  observations. 

Dawson  [1972]  offers  a  third  explanation  for  the  long  duration  of  lightning  echoes;  the  electron  density  is 
in  thermodynamic  equilibrium,  and  the  channel  requires  tens  of  milliseconds  to  cool.  Dawson  considers  the 
magnitude  of  Browne's  echo,  and  discovers  that  no  long  thin  channel  could  produce  an  echo  so  strong,  even 
if  the  lighming  plasma  were  as  reflective  as  a  perfect  conductor  at  right  angles  to  the  beam.  Dawson 
concludes  that  radar  is  reflected  ft’om  an  initially  overdense  highly  branched  streamer  system. 

Dawson  suggested  that  future  studies  might  measure  the  initisJ  expansion  of  the  lightning  channel  by 
examining  the  initial  rise  to  peak  value  of  the  radar  signal,  and  might  measure  the  channel  radius  by 
measuring  echo  duration  and  comparing  to  theoretical  predictions  of  cooling  rate  as  a  function  of  radius. 
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C*mi  [  1976]  looked  for  cloud  to  ground  lightning  echoes  with  a  ten  centimeter  radar.  Cemi's  eyes 
detected  many  cloud  to  ground  flashes  in  the  radar  beam,  but  his  radar  detected  none  of  them.  Cemi  did  see 
three  intracloud  echoes,  much  weaker  than  Dawson  predicted  for  ovetdense  echoes. 

Holmes  et  al  [1980]  And  echoes  at  1 1  cm  always  orders  of  magnioide  less  than  Dawson  predicted  for 
overdense  channels,  and  never  find  any  echoes  at  ail  at  3  cm.  Both  findings  are  expected  if  lightning 
channels  are  underdense. 

Proctor  {\9%\\ examined  lightning  with  3  cm.  S.S  cm.  50  cm.  and  1 1 1  cm  radar.  The  50  cm  and  1 1 1  cm 
radars  detected  every  flash  visually  observed  in  the  beam.  At  5  J  cm.  the  radar  delected  only  a  few  of  those 
flashes  observed,  and  at  3  cm.  the  radar  saw  no  lighming  at  all.  At  5  cm.  Proctor's  echoes  (usually)  vanished 
in  milliseconds,  while  at  VHP,  echoes  persisted  for  tens  of  milliseconds.  These  results  are  expected  if 
lightning  is  (usually)  undeidense  at  microwave  freqwncies.  but  always  ovetdense  at  VHP.  Proaor  also 
made  simultaneous  measurements  with  kfendcal  beamwidtfas.  and  found  a  lighming  radar  cross  section 
twice  as  great  at  1 1 1  cm  as  at  50  cm.  Finally.  Proctor  made  simultaneous  measurements  with  overlapping 
beam  volumes,  one  twenty  times  the  size  of  the  other,  and  found  only  a  factor  of  six  more  reflectiviiy  in  the 
larger  volume. 

Mazur  et  al  [1985]  argue  against  Cemi.  Holmes,  and  Procter  that  lighming  is  overdense.  Mazur  et  al’s 
echoes  at  10  cm  look  like  Hewitt’s  and  Proctor’s  at  VHP;  that  is.  the  radar  cross  section  is  relatively  constant 
for  25  to  200  milliseconds  before  beginning  a  0.2  dB/ms  decay.  This  is  expected  if  lightning  is  initially 
overdense.  So  long  as  the  channel  remains  ovetdense.  the  radar  echo  will  remain  independent  of 
temperature  and  electron  density.  When  the  channel  finally  cools  to  an  undeidense  pluma.  the  radar  echo 
begins  to  decay.  Mazur  et  al  calculated  that,  to  reproduce  the  0.2  dB/ms  decay  observed,  the  hot  channel 
diameter  must  exceed  8  cm. 

Williams  et  al  [  1989)  reason  that  lightning  is  an  arc.  arcs  are  hot.  hot  air  is  overdense  at  all  radar 
wavelengths.  They  attribute  Holmes’  and  Proctor’s  inability  to  see  lighming  at  3  cm  to  the  great  brightness 
of  precipitation  at  3  cm.  Williams  et  al  offer  a  model  of  the  radar  cross  section  of  a  long,  thin,  tortuous 
dendrite  of  ovetdense  plasma,  predicting  radar  cross  sections  much  smaller  than  Dawson,  and  compatible 
with  the  small  cross  sections  o^rved  by  Holmes. 

Krehbiel  er  a/  [  199 1  ]  observed  radar  echoes  associated  with  K-changes.  These  echoes  began  decaying 
immediately,  at  0.5  to  2  dB/ms.  The  radar  reflectivity  dropped  into  the  noise  (3  to  6  dB  below  peak  echo) 
between  K-changes.  The  same  flash  containing  these  K-changes  includes  one  echo  that  requires  almost  200 
ms  to  fall  the  3  to  6  dB  into  the  noise. 

2.  Radar  PICTURE  OP  Lightning 

These  radar  observations  suggest  that  lighming  is  a  bushy  ended  dendrite,  several  kilometers  in  extent, 
with  branches  separated  from  each  other  by  hundreds  of  meten.  The  observations  also  suggest  that  between 
strokes,  some  bribes  grow  at  10-100  m/ms,  and  some  channels  cool  and  become  non-conductive. 

We  imagine  a  dendrite.  MtUan  [1937]  and  Atlas  [1958]  imagine  instead  a  diffuse  blob  of  cold  plasma. 

Of  course,  Malan  and  Atlas  have  seen  that  lighming  from  cloud  to  ground  is  dendritic.  Malan  and  Atlas 
suggest  that  at  high  altitudes  lighming  changes  from  dendritic  arc  to  difliise  glow.  Atlas  imagined  such  a 
diffuse  blob  because  he  needed  a  low  electron  density  to  fit  his  theory  for  the  long  duration  of  his  radar 
echoes,  and  because,  on  his  PPI  display,  radar  echoes  did  look  like  cloud  sized  blobs.  Subsequent 
observations  with  more  nrodem  recording  tools  see  lighming  a  single  range  cell  in  extent,  much  smaller 
than  cloud  size.  And  more  recent  theory  for  the  long  duration  of  lightning  echoes  does  not  require  small 
electron  densities.  Pinally,  underdense  plasmas  scatter  power  proportional  to  the  fourth  power  of 
wavelength,  so  an  underdense  blob  should  be  16  times  brighter  at  1 1  cm  than  at  5.5  cm.  24  times  brighter  at 
1 1 1  cm  than  at  50  cm,  and  two  million  times  brighter  at  1 1 1  cm  than  at  3  cm.  This  is  incompatible  with  the 
observed  wavelength  dependence  of  lighming.  (See  figure  9.)  We  conclude  that  lighming  is  commonly  a 
thin  dendrite  of  hot  plasma,  not  a  volume  filling  blob  of  cold  plasma.  If  lighming  is  ever  a  diffuse  glow,  this 
has  not  been  seen  by  radar. 

We  imagine  bushy  ends.  Proctor,  at  5  cm,  saw  single  echoes  that  moved  rapidly  in  range,  erasing  their 
reflectivity  behind  them.  At  VHP  he  instead  saw  echoes  that  persisted  and  grew  in  extent,  becoming 
complex  assemblies  of  echoes  (dendrites).  When  Proctor  increased  the  gain  of  his  5  cm  radar,  he  saw  echoes 
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that  looked  like  his  VHF  echoes.  We  imagine  that  ac  S  cm.  without  increased  gain.  Proctor  could  only  see 
the  bushy  leader  heads,  the  rest  of  the  channel  was  hidden  in  the  noise. 

We  imagine  only  a  few  limbs,  separated  by  hundreds  of  meters.  Dawson,  Mazur  et  al.  and  Williams 
imagine  mote  closely  spaced  limbs.  Dawson  [1972]  proposed  that  Browne's  [19S1]  echo  was  from  a 
complex  lightning  denote,  with  many  branches  per  rac^  resolution  volume.  Mazur  et  al  [  198S]  allowed 
that  their  reflectivities  might  be  due  to  many  limbs  of  the  lightning  channel  crossing  the  same  radar 
resolution  volume.  Williams  et  al  [1989]  tentatively  concluded  that  the  lighming  dendrite  was  a  volume 
filling  target,  with  several  limbs  per  radar  resolutioo  volume,  because  the  mean  extent  of  their  echoes  (6.7 
km)  exceeds  their  radar  beamwidth  (0.5  •  2.5  km).  We  disagree,  imagining  only  zero  or  one  channel  per 
radar  resolution  volume.  Were  there  many  limbs  per  radar  resolution  volume,  then  the  extent  of  the 
lightning  echo  would  be  the  size  of  the  3D  envelope  containing  the  volume  filling  thicket  of  lightning 
channels,  almost  independent  of  radar  beamwidth.  If.  on  the  other  hand,  there  were  only  a  single,  thin, 
more  or  less  straight  limb  crossing  the  volume  at  some  random  angle,  then  the  extent  of  the  limb  within  the 
radar  beam  would  be  linearly  proportional  to  the  width  of  the  beam.  Holmes  et  al  [1980],  with  a  beam 
diameter  of  several  hundred  meters,  saw  less  than  300  m  extent  for  half  of  all  flashes,  and  less  than  2  km  for 
the  other  half.  Mazur  et  al  [1985],  with  similar  beam  diameter,  saw  only  3  of  40  flashes  extend  into  two 
adjacent  300  m  range  bins.  (4  of  40  channels  inmrsected  the  beam  at  two  separated  positions,  1 .2.  1 .2, 0.9, 
and  3.3  km  apan).  Zraic  et  al  [1982],  with  the  same  beam  v  Mazur  et  al,  saw  three  quarters  of  the  flashes 
extending  into  adjacent  beam  volumes,  with  extents  ranging  from  600  m  to  3  km.  Hewitt  [19S7],  with  a 
beam  diameter  of  two  or  three  kilometers,  saw  typical  horizontal  extents  of  1500  to  2000  km.  (He  inferred 
vertical  extents  of  3  to  6  km  by  a  unique  method.)  Williams  et  al  [1989],  with  a  beam  diameter  of  500  m  to 
2500  m.  saw  extents  from  0  to  35  km,  4  km  being  typical.  Ligda  [1956],  with  a  scanning  beam,  effectively 
many  kilometers  beam  diameter,  saw  one  echo  with  extent  greater  than  100  miles.  In  general,  larger  beam 
diameters  saw  larger  lighming  extents,  so  we  conclude  that  the  lighming  dendrite  is  made  of  only  a  few 
limbs,  typically  only  one  through  any  radar  resolution  volume. 

We  imagine  the  lighming  channels  extending  into  virgin  air  between  strokes  at  10  to  100  meters  per 
millisecond  because  radar  occasionally  sees  the  end  of  the  channel  (the  edge  of  reflectivity)  extending  at 
these  velocities.  (Hewia  saw  I0<25  m/ms.  Mazur  mote  than  50  m/ms.  and  Holmes  more  than  100  m/ms.) 
Radar  could  see  but  has  not  seen  larger  or  smaller  non-Kro  velocities,  hence  we  tentatively  conclude  that 
over  kilometer  scale  distances,  lighming  leader  propagation  into  virgin  air  proceeds  at  10  to  200  m/ms. 
(“Tentatively”  because  there  are  so  few  observations.  “Kilometer  scale”  and  “into  virgin  air”  because  echo 
fluctuations  make  it  difficult  to  measure  velocity  over  shorter  distances  or  along  still  somewhat  reflective 
channels.) 

We  do  not  know  whether  to  imagine  the  isotherms  as  simple  concentric  cylinders,  or  as  a  turbulent  shape 
of  tongues  and  whorls.  Nor,  despite  our  attempts  in  appendix  Al,  does  radar  tell  what  diameter  to  inugine. 

Most  lighming  echoes,  instead  of  decaying  immediately,  remain  relatively  constant  for  tens  or  hundreds 
of  milliseconds,  then  suddenly  begin  to  decay  at  0.2  •  5  dB/ms.  (An  example  of  relatively  constant 
reflectivity  followed  by  decay  is  shown  in  figure  1.  But  the  decay  rate  shown  here  may  be  wrong,  see  caveats 
in  the  figure  caption.)  Two  explanations  have  been  offered  for  this  behavior;  Hewin  [1957]  proposed  that 
reflectivity  remains  constant  for  tens  or  hundreds  of  milliseconds  because  channels  cany  current  for  tens  or 
hundreds  of  milliseconds;  Mazur  et  al  [1985]  proposed  that  reflectivity  remains  constant  for  tens  or 
hundreds  of  milliseconds  because  chanttels  cool  slowly  from  their  return  stroke  temperanite  to  an 
underdense  plasma.  The  radar  data  is  not  presently  able  to  rule  out  either  explanation.  We  know  from  the 
interstroke  field  change  that  some  channels  ate  carrying  current  between  strokes,  but  we  cannot  know  that 
all  channels  with  enduring  reflectivity  carry  current. 

Browne's  echo,  Krebbiel's  K-change  echoes,  all  of  Cemi's  echoes,  some  of  Hewitt’s  echoes  and  some  of 
our  echoes  (figure  6)  began  decaying  immediately,  at  several  dB/ms;  these  did  not  remain  constant  for  tens 
or  hundreds  of  milliseconds.  We  consider  five  possible  explanations  for  this  behavior;  the  channels  might 
have  been  initially  underdense,  they  might  have  cooled  in  milliseconds,  the  absorption  just  outside  these 
channels  might  have  rapidly  increased,  the  electric  field  in  these  channels  (and  hence  the  collision 
frequency),  might  have  rapidly  increased,  or  these  echoes  might  be  from  the  short  lived  brush  we  believe  to 
precede  lightning  streamers. 

These  channels  were  not  initially  underdense.  Return  strokes  carry  kiloampetes  of  current,  and 
“underdense"  requires  so  few  electrons  that  the  channel  is  incapable  of  carrying  more  than  a  few  amperes. 
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(See  appendix  A2.)  These  channels  did  noc  cool  u>  underdense  in  the  fust  few  milliseconds.  Their  echoes 
fall  at  0.5  to  5  dB/ms.  indicating  a  temperature  decay  of  only  6  to  30  K/ms,  and  it  is  improbable  that  the 
initial  temperature  was  by  chance  within  tens  of  kelvin  of  the  critical  temperature.  (Conversioa  firom  echo 
decay  to  temperature  decay  is  discussed  in  figure  8.)  Absorpdon  did  not  rapidly  increase  an  order  of 
magnitude.  Appendix  AO  shows  that  90%  absorj^on  requires  either  a  temperamre  gradient  less  than  100 
K/cm.  or  an  electron  diffusivity  greater  than  1  m^/s.  Neither  is  plausible.  Rapidly  rising  elec*r>c  field  could 
not  change  the  collision  frequency  more  than  a  factor  of  two.  Hence  rapidly  rising  electric  field  could 
produce  at  most  a  factor  of  four  decrease  in  the  radar  cross  section  of  u^rdense  plasma. 

A  last  possibility  is  that  rapid  decays  are  not  decay  of  the  return  stroke  channel  at  all.  but  instead  are 
decays  of  the  brush  we  believe  to  exist  at  growing  streamer  tips.  If  so.  this  requires  that  the  channel  itself 
(which  remains  overdense  until  the  usual  tens  or  hundreds  of  milliseconds  have  passed)  be  too  dim  for  the 
radars  to  see.  This  is  possible:  rapidly  decaying  echoes  of  Krehbiel.  Cerni.  and  this  study  all  began  less  than 
I OdB  above  the  noise,  and  Hewitt’s  rapidly  decaying  echoes  were ‘‘weak”.  We  tentatively  suggest  that 
rapidly  decaying  echoes  come  from  the  brush  at  the  tip  of  lightning  leaders. 

We  imagine  a  temperature  decay  of  3  to  30  K/ms  because  radar  echoes  decay  at  0.2  to  S  dB/ms.  Echo 
intensity  is  determined  by  the  electron  number  density,  the  position  of  the  channel  in  the  beam  pattern,  the 
number  of  limbs  in  the  beam,  the  radius  of  the  channel,  the  roughness  of  the  channel  surface,  the  collision 
frequency,  and  the  rate  at  which  electron  number  density  changes  with  radius.  Of  these,  only  electron 
number  density  can  cause  a  20  dB  decay  in  a  few  milliseconds.  Position  in  the  beam  is  not  changing  rapidly 
in  time.  Decrease  of  number  of  channels  in  the  beam  cannot  explain  this  decay,  because  observations  in 
section  3  of  this  paper  decay  at  the  same  rate  as  do  other  radar  observations  of  lighming.  and  those 
observations  are  known  to  be  of  a  single  limb.  Radar  cross  section  varies  slower  than  linearly  with  radius, 
and  a  factor  of  100  change  in  radius  is  not  plausible.  A  change  in  roughness  or  absorption  might  affect  3  cm 
measurements,  but  is  negligible  at  VHP.  The  only  remaining  explanation  for  the  0.2  to  3  dB/ms  decay  of  the 
radar  echo  is  a  decay  of  electron  number  density. 

Lighffling’s  radar  reflectivity  is  independent  of  electron  number  density  until  that  density  falls  below  a 
critical  density.  Once  below  the  critical  density,  the  echo  is  (roughly)  proportional  to  electron  number 
density  squared.  (Details  in  appendix  A2).  So  a  0.2  to  S  dB/ms  decay  in  radar  echo  implies  a  0. 1  to  2.5 
dB/ms  decay  in  electron  number  density,  which,  from  figure  8.  implies  a  7  to  150  K/ms  decay  of 
temperature. 

Holmes  et  al  [1980]  and  Mazur  et  al  [1985]  considered  this  slow  temperature  decay  and  inferred 
considerable  ohmic  heating.  We  doubted  the  existence  of  ohmic  heating,  because  it  required  a  surprisingly 
large  electric  field  in  the  lightning  channel.  We  expected  our  experiment  to  show  that  an  isolated  segment 
of  the  channel  cooled  faster  than  Holmes  and  Mazur  thought  But  we  found  cooling  rates  only  an  order  of 
magnitude  faster  than  Holmes  and  Mazur,  and  about  the  same  as  seen  by  Cemi  and  Krehbiel.  And  so  we  are 
forced  to  the  same  inference  as  Holmes  and  Mazur;  there  is  significant  ohmic  heating  in  the  3700  K  to  3900 
K  channels  seen  by  radar. 

Were  ohmic  beating  and  turbulent  cooling  both  negligible,  then  the  7  to  150  K/ms  cooling  rate  would 
determine  channel  radius.  Uman  and  Voshall  found  cooling  rates  of  120  K/ms  for  a  2  cm  diameter  channel 
at  3500  K,  and  30  K/ms  for  a  4  cm  diameter  channel  at  3500  K.  If  we  extrapolate,  assuming  that  cooling 
rate  is  inversely  proportional  to  radius  squared,  we  get  an  8  cm  diameter  for  a  channel  cooling  at  7  K/ms. 

So.  if  ohmic  heating  and  turbulent  cooling  were  negligible,  the  radar  measurements  of  lighming  would  tell 
us  that  lighming’ s  diameter  varies  from  2  to  8  cm. 

8  cm  exceeds  any  measured  lighming  diameter.  Having  already  rejected  all  explanations  other  than  a 
decay  of  centerline  temperature  for  the  observed  echo  decay,  we  must  conclude  that  either  cooling  by  thermal 
conduction  is  smaller  than  we  thought,  or  lighming's  diameter  is  larger  than  we  thought,  or  ohmic  heating  is 
not  negligible  during  the  slowest  decays.  Thermal  conductivity  of  air  is  very  well  known,  and  lighming's 
diameter  probably  known  [Uman  1968],  so  we  tentatively  and  reluctantly  conclude  that  ohmic  heating  is  not 
always  negligible. 

Our  reluctance  in  this  conclusion  comes  from  a  reluctance  to  believe  that  fields  in  the  lighming  arc  are  as 
large  as  ohmic  heating  requires.  For  a  4  cm  diameter  channel  to  cool  at  7  K/ms  instead  of  30  K/ms  requires 
23  K/ms  of  ohmic  heating;  at  the  critical  temperature  for  our  radar  (3900  K)  23  K/ms  of  Ohmic  heating 
requires  a  field  of  1.7  kV/m  in  the  channel.  At  the  critical  temperature  for  Ccmi’s  radar  (3700  K)  23  K/ms 
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of  ohmic  heating  requires  a  field  of  2.7  K/tns.  These  fields  are  higher  than  measured  in  laboratory  arcs 
[King  1961]  or  predicted  for  lighming  arcs  [Latium  1986]. 

If  there  is  turbulent  coolins.  then  the  channel  field  (or  radius)  must  be  even  larger.  A  turbulent 
diffusivity  as  small  as  O.Ol  m^/s  causes  cooling  twenty  bmes  greater  than  that  from  conductioa  alone.  In 
the  absence  of  Ohmic  heating,  this  would  require  cha^l  diameters  of  9  to  33  cm,  instead  of  2  to  8  cm. 
These  diameters  are  unbelievably  large:  therefore,  if  there  is  nirbulent  diffusivity  as  large  as  0.01  m^/s,  there 
must  also  be  ohmic  heating.  The  larger  the  field  we  are  willing  to  imagine  in  the  channel,  the  larger  the 
allowed  turbulent  diffusivity.  Diffusivity  must  oroduce  cooling  slightly  greater  than  the  heating;  if  we  allow 
a  field  as  large  as  10  kV/m,  we  have  SO  W/cnP  ( 140  Kims)  of  heating,  which  would  be  exactly  cancelled  by 
a  uiffiisivity  of  (channel  diameter^  /  630  ms).  If  we  imagine  the  field  in  the  lighming  channel  as  large  as 
SO  kV/m,  we  get  900  W/cm^  (2300  K/ms)  which  exactly  cancels  a  diffusivity  as  large  as  (channel  diameter^ 
/  37  ms). 


3.  Experiment 

Between  strokes,  is  the  channel  to  ground  conductive  or  resistive?  Ollendorf  [1933]  wanted  a  resistive 
channel  to  explain  multiple  discrete  return  strokes.  Matan  and  Schontand  [1951]  wanted  a  resistive  channel 
to  explain  electric  field  changes  of  different  sign  at  different  distances  from  the  channel.  But  for  some 
reason  the  resistive  channel  became  unpopular.  Brook  et  ai  [1962]  wrote  that  “A  small,  steady  ‘dark’ 
current  would  serve  to  maintain  some  minimum  ionization  in  the  lighming  channel  between  strokes; 
otherwise,  multiple  strokes  in  identical  channels  would  be  rare.”  Ogawa  and  Brook  [  1969]  found  that 
Malan  and  Schonland's  electric  field  changes  could  be  explained  without  a  resistive  channel  to  ground, 
because  interstroke  charge  transfers  were  more  horizontal  than  vertical.  Uman  and  VbrAuf/  [1968]  found 
that  the  channel  would  remain  conductive  between  strokes  even  without  Brook's  “dark  current”  if  cooling 
were  due  to  conduction  alone  (no  turbulence)  and  if  the  channel  radius  were  a  few  centimeters.  Krehbiel  et 
at  [1979]  restored  the  popularity  of  the  resistive  interstroke  channel  to  ground  by  repeating  Malan  and 
Schonland's  multiple  station  electric  field  measurements  with  many  more  stations.  Some  of  his 
measurements  are  best  explained  by  a  charge  transferred  along  the  old  lighming  channel,  but  not  all  the  way 
to  ground,  strongly  suggesting  a  resistive  channel  to  ^ound.  After  Krehbiel,  Jurenka  and  Barreto  [198S] 
still  require  a  conducting  channel  to  suppon  the  dart  leader,  while  Uman  [1987]  allows  that  the  dart  leader  is 
guided  by  either  a  conductive  channel,  or  by  a  merely  warm,  non-conductive  one. 

So,  between  strokes,  is  the  channel  to  ground  coitductive  or  resistive?  In  an  attempt  to  unambiguously 
answer  that  question,  we  set  up  a  12.67  Ghz  bistatic  CW  radar  26  meters  from  rocket  triggered  lighming  at 
Kennedy  Space  Center.  The  I.S  m  wide,  I.S  meters  high,  and  ten  meters  long  volume  observed  (figure  3) 
included  a  I.S  meter  section  of  each  triggered  lighming  channel  (figure  4).  We  digitized  the  radar  return 
every  300  microseconds.  If  the  radar  echo  vanished  between  strokes,  we  would  conclude  that  the  plasma 
was  underdense  and  therefore  that  the  channel  was  resistive.  We  also  hoped,  with  the  same  experiment,  to 
measure  the  reflectivity  of  a  known  length  of  lighming  channel  at  a  known  position  and  orientation  in  the 
radar  beam,  for  comparison  with  theory.  Finally,  because  we  didn't  realize  how  good  were  the  existing 
measurements  of  echo  decay  rate,  we  wanted  to  make  our  own  measurement  of  the  cooling  rate  of  the 
channel  to  ground. 

The  radar  echo  usually  did  fall  to  zero  between  strokes,  but  our  equipment  was  inadequate  to  determine 
whether  the  echo  always  went  to  0.  (See  figure  5)  Tire  I.S  m  segment  of  the  lightning  channel  had  a  cross 
section  between  210  cm^  and  1700  cm^.  (See  figure  5)  For  strokes  followed  by  long  continuing  current, 
reflectivity  remained  relatively  constant  for  tens  or  hundreds  of  milliseconds,  then  fell  faster  than  0.2  dB/ms. 
(See  figures  S,  1)  For  strokes  not  followed  by  long  continuing  current,  reflectivity  began  decaying 
immediately,  at  3  to  5  dB/ms.  (See  figure  6)  A  tortuous  2.S  mm  diameter  wire  hung  in  the  same  location 
occupied  by  lighming  had  a  cross  section  of  only  10  to  30cm^/  m.  (See  discussion,  appendix  Al) 
Ultraviolet  photography  did  not  reveal  any  dim  channels  perpendicular  to  the  main  stroke.  (See  figure  7) 

Because  the  radar  echo  sometimes  fell  to  our  noise  level  between  strokes  (See  figure  S),  we  conclude  that 
the  channel  to  ground  sometimes  becomes  resistive  between  strokes.  Because  lightning  reflected  100  times 
mote  than  did  a  2.5  mm  diameter  tortuous  wire  hung  in  the  identical  location,  we  conclude  that  the 
lightning  channel  diameter  is  at  least  greater  than  our  2.5  cm  radar  wavelength,  perhaps  as  much  as  three 
times  that  large.  (See  Appendix  Al)  Because  we  saw  only  one  channel,  we  conclude  that  our  echo  decay 
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was  due  to  changes  in  that  one  channel,  not  due  to  reduction  in  the  tuimber  of  channels  in  the  volume. 

Because  our  &stest  decay  rates  (4  dB/ms)  are  in  general  agreement  with  the  fastest  decays  seen  in  earlier 

observatiom.  we  tentatively  conclude  that  previous  observatioos  of  radar  decay  also  describe  changes  in  a 

single  channel,  not  reduction  of  the  number  of  chaimels  in  the  radar  resoluhon  volume. 

4.  Summary 

Lightning  is  a  sparse  tree,  with  limbs  hundreds  of  merers  apart,  not  a  volume  Bliing  thicket  of  channels  tens 
of  meters  apart. 

The  variation  of  echo  extent  with  range  fits  one  limb  per  resolution  volume,  and  does  not  fit  many 
limbs  per  volume.  Thus  the  enduring  limbs  must  be  hundreds  of  meters  apart  (Except  perhaps  at 
the  dps,  where  Proaor’s  observadon  of  echoes  traveling  in  range  suggest  the  existence  of  a  sn^ 
thickm  of  shoct  lived  channels  only  meters  apart) 

Lightning  channels  are  initially  overdense 

A  4  cm  diameter  channel  of  marginally  underdense  plasma  carries  less  than  3  A  at  25  kV/nt  Unless 
we  have  seriously  underesdmated  lightning's  diameter  or  electric  field,  current  carrying  channels 
must  be  overdense  to  radar. 

Echo  decay  is  mostly  due  to  decrease  in  centerline  temperature. 

Decay  of  some  channels,  absorpdon  just  outside  the  channel,  or  changes  in  channel  radius  cannot 
explain  the  observed  decay. 

Between  strokes,  the  channel  to  ground  becomes  very  resistive. 

The  radar  echo  of  the  chaimel  to  ground  drops  20  dB  between  strokes. 

Decay  of  some  charmels.  absorption  just  outside  the  channel,  or  changes  in  channel  radius  cannot 
explain  the  observed  decay,  leaving  a  decrease  in  electron  number  density  as  the  only  plausible 
explanation.  Underdense  plasma  is  incapable  of  carrying  lightning  currents. 

Centerline  temperature  decays  7- 1  SO  K/ms  at  3700-3900  K 

Because  echo  decay  is  mostly  due  to  centerline  temperanire  decay,  radar  can  measure  temperature 
once  the  channel  cools  to  an  underdense  plasma. 

The  electric  field  in  3700-3900  K  channels  is  sometimes  as  high  as  several  kilovolts  per  meter,  unless  the 
diameter  of  those  channels  is  surinisingly  large  (>  10  cm)  and  the  diffiisivity  surprisingly  small  (<  0.01 
m^/m). 


5.  Suggestions  FOR  Future  Radar  Studies  OF  Lightning 

A  few  measurements  suggest  that  streamers  have  bushy  heads,  and  that  virgin  propagation  velocities 
range  from  10  to  100  m/ms.  Any  confidence  in  these  suggestions  awaits  additional  measurements. 

There  is  agreement  that  the  decay  rate  varies  from  0.2  to  4  dB/ms.  Simultaneous  measure  of  decay  rate 
and  channel  radius  would  test  Uman  and  Voshall  [1968].  Simultaneous  measure  of  decay  rate  and  current 
would  test  Latham  [1980]. 

Lighming  mappers,  able  to  see  all  space,  not  just  a  narrow  beam,  aixl  potentially  with  high  resolution  in 
time,  should  make  radars  obsolete  as  a  tool  for  measuring  the  position  of  lighming.  A  funire  experiment 
with  both  a  mapper  and  a  radar  could  test  whether  the  mapper  sees  all  the  channels,  and  how  accurately  the 
mapper  positions  them.  Lightning  mappers  often  see  propagation  along  old  channels;  the  same  experiment 
would  determine  whether  these  channels  are  cut  off  or  still  conducting  just  before  such  propagation. 

Appenddc  a1  .  Lightning’s  Radius  from  Echo  Magnitude 

A  few  studies  used  uncalibrated  radars;  these  studies  can  report  the  extent,  velocity,  duration,  and  decay 
rate  of  lightning  echoes,  but  not  the  absolute  magnitude  of  those  echoes.  Most  studies  used  calibrated  radars 
and  quoted  absolute  cross  sections  in  m^.  (See  figures  9)  Lighming's  absolute  cross  section  is  the  basis  for 
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Dawson's  cUum  that  Browne's  flash  was  overdense.  Lightning's  absolute  cross  section  is  the  basis  for  claims 
by  Holmes  et  al  and  Proctor  claim  that  lighming  is  undodense.  Lightning's  absolute  cross  section  is  the 
buis  for  Williams  et  al's  claim  that  iighming's  mean  channel  length  per  unit  volume  is  five  kilometers  per 
kilometer. 

All  of  these  claims  require  faith  in  some  model  of  the  lightning  reflectivity.  It  has  been  difficult  to  test 
these  models,  because  reflectivity  depends  on  the  position  of  lightning  relative  to  beam  center,  on  the  length 
of  channel  in  the  beam,  and  on  the  lighming  radius,  none  of  which  have  usually  been  kimwn.  For  our 
measurements  described  in  section  3.  we  know  the  position  of  the  channel  relative  to  beam  center,  and  the 
length  of  channel  in  the  beam,  though  still  not  the  channel  radius,  we  now  use  a  model  of  lightning 
reflectivity  to  compute  the  radius. 

We  saw  seven  events  that  for  at  least  pan  of  their  duration  were  well  centered  in  our  1 .5  meter  diameter 
beam.  For  four  of  these  we  transmitted  and  received  E  horizontal;  we  observed  mean  cross  sections  of  860, 
1200, 1200,  and  1700  cm^.  For  two  well  centered  flashes,  (both  on  the  same  day)  we  transmitted  and 
received  E  vertical:  we  observed  mean  cross  sections  of  200  and  600  cm^.  For  one  well  centered  flash,  we 
transmitted  E  vertical  and  received  E  horizontal;  we  observed  a  mean  radar  cross  section  of  2  cm^.  (This 
may  overestimate  the  true  cross  polar  reflectivity;  our  antennas  were  loosely  mounted,  and  could  easily  have 
become  not  90  but  89  or  9 1  degrees  out  of  phase.) 

A  2.5  nun  diameter  tortuous  wire,  also  well  centered  in  the  same  l.S  meter  beam,  produced  a  mean  cross 
section  of  22  cm^.  The  lighming  channel  cannot  have  been  mote  conductive  than  the  wire;  we  may 
conclude  with  certainty  that  iighming’s  diartteter  exceeds  2.5  mm. 

To  know  how  much  greater  than  2.5  mm.  we  need  a  model  for  radar  reflectivity  of  a  tortuous  conductor 
as  a  function  of  diameter.  Williams  et  al  provide  such  a  model,  valid  so  long  as  the  diameter  is  much  less 
than  the  radar  wavelength.  Their  formula  predicts  a  cross  section  per  unit  length  of  16  cm^  /  m  for  a 
tortuous  wire  of  2  mm  diameter.  So  in  our  1 .5  m  tali  beam  the  formula  predicts  26  cm^,  and  we  saw 
22  cm^.  agreement  too  good  to  be  true.  We  tentatively  conclude  that  the  Williams'  formula  is  at  least 
approximately  correct  The  Williams  formula  does  not  predict  a  cross  section  as  large  as  our  lighming  cross 
sections  for  any  radius  less  than  our  2.5  cm  radar  wavelength.  We  conclude  that  the  overdense  plasma  had  a 
radius  greater  than  2.5  cm. 

Greater  than  our  wavelength,  the  Williams  et  al  formula  is  invalid;  we  need  a  new  model.  Our  problem 
is  that  we  don't  know  either  the  surface  roughness  or  the  precise  tortuousity  of  the  lighming  channel.  If  we 
assume  a  perfectly  smooth  (mirror)  cylinder,  with  angle  of  incidence  equal  angle  of  reflection,  then 
geometrical  optics  predicts  no  reflectivity  at  all.  (A  beam  transmitted  up  from  the  ground  to  a  vertical 
cylinder  is  still  going  up  from  the  ground  on  reflection,  it  is  not  scattered  down  to  our  receiver.)  If  we 
assume  a  perfectly  rough  (white)  cylinder,  with  all  power  incident  at  any  point  isotropically  re-radiated, 
then  geometrical  optics  predicts  radar  cross  section  equal  to  half  the  geometrical  cross  section.  (The  other 
half  is  reflected  in  the  other  polarization.)  The  mirror  surface  approximation  is  not  useful;  we  did  see  some 
reflectivity.  The  white  surface  approximation  is  not  tight  either,  transmitting  E  horizontal,  we  received 
more  than  a  hundred  times  more  power  receiving  E  horizontal  than  when  receiving  E  vertical.  Lighming 
has  some  unknown  intermediate  roughness.  The  best  we  can  do  without  knowing  that  roughness  is  assume 
that  power  is  uniformly  scattered,  but  that  much  less  than  half  the  incident  power  is  rotated  into  the  other 
polarization,  and  so  predict  a  radar  cross  section  equal  to  the  geometrical  cross  section,  at  least  when 
transmitting  and  receiving  the  same  polarization. 

A  210  to  1700  cm^  geometrical  cross  sections  in  1.5  meters  imply  1.3  cm  to  10  cm  diameters.  We  trust 
previous  measurements  of  lightning’s  diameter  [Uman  1964]  more  than  our  “best  we  can  do”  model.  10  cm 
is  almost  certainly  too  large. 


APPENDIX  A2.  Overdense  and  Underdense 

“Overdense”  means  there  are  so  many  electrons  that  adding  more  causes  almost  no  increase  in  radar 
reflectivity.  “Underdense”  means  less  electrons  than  that. 

As  lightning  cools,  electrons  and  ions  recombine.  At  first,  while  the  lightning  is  overdense, 
recombination  doesn’t  change  the  radar  echo.  Once  lightning  becomes  underdense.  the  radar  echo  begins  to 
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decay.  Radarseeswhenthisdecay  begins  aod  how  rapidly  it  occurs.  The  onset  of  decay  bounds  possible 
temperature  and  current  at  that  Dme.  The  echo  decay  rate  determines  the  temperature  decay  rate. 

The  electron  number  density  where  decay  begins  is  a  fiiactioa  of  radar  fPBrjueocy  and  ctdlisioo  fiequency. 
Collision  frequency  is  a  function  of  radar  (r^uency.  electric  field,  temperature,  and  pressure.  Electron 
number  density  is  a  function  of  electric  field,  temperature,  and  pressure  (figure  8).  If  we  know  all  but  three 
of  electron  number  density,  radar  frequency,  collisioa  frequency,  electric  field,  temperature,  aod  pressure, 
these  three  functions  determine  the  three  unknowns.  Traditioo^y,  radar  frequency  and  pressure  are  known, 
electric  field  is  guessed,  leaving  collision  frequency,  electron  number  density,  aod  temperature. 

For  collision  frequency.  Hewitt  used  20  GHz  in  no  field,  and  5(X)  GHz  in  a  field  of  3  KfV/m.  Dawson 
used  61  GHz  in  no  field  aod  370  GHz  in  19  kV/m.  Mazur  and  Doviak  used  2.6  THz  divided  by  the  square 
root  of  the  absolute  temperature  in  kelvins.  Williams  et  al  use  43  GHz  at  3S(X}  K.  aod  37  GHz  at  3000  K. 

Ail  of  these  studies  (except  Dawson)  used  the  collisioo  cross  sections  for  room  temperature  electrons,  aod 
assumed  collision  frequency  to  be  directly  proportional  to  electron  velocity  times  dmisity.  Since  the  collisioo 
cross  section  for  room  temperanire  electrons  is  two  aod  a  half  times  smaller  than  the  coUisioq  frequency  for 
3000  K  electrons,  all  earlier  studies  (except  Dawson)  underestimated  low  field  collisioo  frequencies  by  mote 
than  a  factor  of  two,  aod  hence  underestimated  the  critical  electron  tuimber  density  by  more  than  a  frtnor  of 
four. 

Guessing  the  electric  field  causes  at  most  a  factor  of  three  uncertainty  in  collision  frequency,  hence  at 
most  a  factor  of  nine  error  in  electron  number  density.  The  error  is  probably  much  less.  Because  electron 
number  density  varies  an  order  of  magnitude  every  300  kelvins,  (see  figure  8)  this  causes  at  most  a  few 
hundred  degrees  error  in  the  channel  temperature. 


iiiii  I  iii»>  •) 

Figure  1.  Radar  cross  section  versus  time.  Our  noise  level  is  a  cross  section  of  less  than  one  square 
centimeter.  The  first  echo  shown,  with  peak  radar  cross  section  of  about  100  cm^.  is  produced  by  the  rocket 
passing  through  our  beam.  Although  the  rocket  is  connected  to  ground  by  a  taut,  200  micron  diameter 
copper  wire,  which  remains  in  the  beam,  the  rada'  cross  section  of  this  wire  is  apparently  too  small  to  be 
seen  above  the  noise.  One  and  a  half  seconds  after  the  rocket's  passage,  the  wire  is  vaporized  by  iighming, 
which,  in  this  case,  carried  a  single  long  continuing  current  to  ground.  This  lightning  flash  remained  well 
centered  in  the  radar  beam  for  its  entire  duration.  This  Iighming  had  a  mean  radar  cross  section  of  1200 
cm2.  (Other  flashes  had  cross  sections  of  200  cra^,  600  cm^,  860  cm^,  another  1200  cm^,  and  1700  cm^.) 
The  cross  seaion  remains  roughly  1200  cm^  for  700  ms.  before  beginning  to  decay.  Unfortunately,  once  the 
decay  begins,  the  data  shown  here  for  decay  rate  is  meaningless,  as  our  logarithmic  amplifier  does  not 
correctly  follow  rapid  changes  in  echo  intensity.  Some  correct  decays,  measured  for  a  different  flash  with  a 
different  amplifier,  are  shown  in  figure  6. 
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Figure  2.  Summary  of  radar  observadons  of  (he  decay  of  Ughming  echoes. 


decaydB/ms 

wavekiitdi 

orals 

beamwtiume 

.1-3 

to  cm 

68 

Holfflesctal 

300ms2S0mzl3Om 

1.3 

30  cm 

3 

Hewitt 

2lan?  X  2km?  x  300m 

.23 

to  cm 

1 

Maiurctal 

330m  X  330m  x  37m 

.6 

SO  cm 

1 

PncKs 

2.8km  X  2.8km  x  600m 

3-4.3 

10.7  cm 

3 

Cemi 

2.2km X  360m  X  ISOm 

.3-2 

3 

8 

KicMiielctal 

?x?x? 

1.2 -4.8 

2.4 

4 

ThitSttidy 

Urn  X  1.3m  X  10m 

There  is  no  apparent  correlation  between  decay  rates  and  wavelength.  These  are  not  two  hump 
distributions,  so  there  is  no  evidence  for  two  distinct  processes  causing  fast  and  slow  decays. 


- 20  meters - ^ 

Figure  3.  Top  view  of  experimental  setup.  Antennas  are  mounted  less  than  one  meter  off  the  ground; 
the  beam  intersection  is  about  8  meters  off  the  ground.  Any  azimuthal  misalignment  of  the  antennas 
produced  large  noise  levels  ftom  telephone  poles  in  the  beam.  Any  elevation  misalignment  produced 
negligible  signal  from  lightning,  as  the  beams  then  no  longer  intersect.  For  all  of  the  data  included  here 
except  figure  6,  we  have  a  sphere  calibration  on  the  same  day,  showing  the  antennas  to  be  well  aligned. 


lMguce4.  Experimencal  setup,  as  seen  from  shelter.  Tbis  lightoiog  flash  produced  the  radar  echo  shown 
in  figure  1.  The  2  m  lightning  diameter  shown  here  is  presumably  due  to  blooming  in  our  CCD; 
photography  shows  a  smaller  radius.  The  U  m  diameter  inner  circle  marks  the  boundary  at  which  returned 
power  from  a  calibration  sphere  is  a  factor  of  two  lower  than  if  the  sphere  is  well  centered.  The  2.2  m 
diameter  outer  circle  marks  the  boundary  at  which  the  returned  power  from  a  calilnation  sphere  is  a  factor  of 
four  less  than  if  well  centered.  (We  measured  echo  from  off-centered  spheres  as  a  function  of  distaime  off 
center  on  three  separate  days,  with  slightly  different  setups.  The  three  different  measured  3  dB  and  6  dB 
diameters  varied  from  1.4  m  to  1.6  m,  and  2.1  m  to  2.4  m,  respectively.) 


Figure  5.  Running  mean  radar  cross  section  for  a  lightning  flash  consisting  of  a  long  coodnuing  cotient 
followed  by  three  strokes.  The  radar  cross  section  falls  to  the  noise  level  at  the  end  of  the  long  coodnuing 
current,  just  before  the  first  subsequent  stroke.  The  radar  cross  secdoo  falls  to  the  noise  again  for  more  than 
50  ms  between  the  first  and  second  subsequent  strokes.  The  radar  cross  secdoo  appears  not  fall  to  zero 
between  the  second  and  third  strokes.  Unfortunately,  this  amplifier  does  not  follow  rapid  ehange^,  so  the 
rate  of  rise  (not  shown)  and  rate  of  fall  (shown  but  nor  correct)  of  the  echo  are  invalid.  Mean  cross  secdon 
is  expected  to  be  correct,  and  the  faa  that  the  echo  went  to  zero  between  the  first  and  second  nihMgwyr 
strokes  is  expected  to  be  correct.  We  cannot  rule  out  the  possibility  that  the  cross  secdon  also  weru  to  zero 
between  the  second  and  third  strokes,  because  we  know  tto  this  amplifier  responds  to  slowly  to  have  seen 
this. 

The  lightning  channel  was  (for  flashes  included  in  this  paper)  centered  in  the  beam  intersecdon  volume, 
20  m  from  the  antennas.  Voltage  from  the  receivers  was  convened  to  radar  cross  secdon  by  conqtarison 
with  the  voltages  from  the  same  receivers  as  the  radar  observed  metal  caliteadon  spheres  of  7.5  cm  to  30  cm 
diameter.  These  spheres  were  hung  in  the  same  locadon  that  the  triggered  lightning  would  occupy  later  in 
the  day.  If.  for  example,  we  repon  that  a  certain  ligbming  flash  had  a  cross  secdon  of  620  cm^,  we  mean 
that  flash  reflected  power  halfway  between  the  power  reflected  by  our  510  cm^  sphere  and  power  reflected  by 
our  730  cm^  sphere. 

The  calibradon  was  performed  (usually  with  less  than  the  full  set  of  spheres)  on  26  different  days.  The 
power  reflected  by  a  given  sphere  typically  varied  two  dB  between  two  measurements  made  die  «ini^  day 
(usually  the  same  hour),  and  varied  four  dB  from  day  to  day.  Excluding  cases  where  the  antennas  were 
obviously  misaligned,  the  largest  and  smallest  cross  secdons  ever  measured  for  a  given  sphere  are  less  than  7 
dB  apart.  We  conclude  that  variadons  in  radar  performance  and  antenna  alignment  ate  responsible  for  less 
than  5  dB  of  uncertainty  in  our  cross  secdons. 
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Figure  6.  Instantaneous  relative  radar  cross  section  and  visible  luminosity.  The  antennas  were 
misaligned  on  this  day;  the  cross  section  observed  is  a  lower  bound  on  the  true  cross  section.  This  dam 
comes  from  a  rapidly  responding  detector,  and  so  these  decay  rates  are  believed  to  be  correct 


Figure  7.  UV  (295.9  +- 15  nm)  time  exposure  of  lightning  channel.  The  apparent  breadth  of  the 
channel  is  likely  due  to  channel  motion  during  the  time  exposure. 
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Figures.  Thermodynamic  equilibrium  concentration  of  electrons  in  air.  At  these  temperatures,  the  only 
electron  donor  of  significance  is  NO+.  All  overdense  plasmas  reflect  about  equally,  so  radar  cannot 
distinguish  between  temperatures  larger  than  the  critical  temperature  plotted  here.  Reflected  power  is 
prop^onal  to  election  number  density  squared,  and  electron  numbet  density  falls  rapidly  with  temperature 

so  radv  cannot  detect  lightning  at  temperatures  a  few  hundred  degrees  less  that  the  critical  temperature 
plotted  here. 

The  critical  electron  number  density  is.  except  for  the  shortest  radar  wavelengths,  and  for  electric  fields 
exceeding  30  kV/m.  At  the  shortest  wavelengths,  the  critical  density  increases  because  radar  frequency  is  no 
longer  negligible  compared  to  collision  frequency.  For  electric  fields  exceeding  30  kV/m.  the  collision 
frequency  increases  as  the  electron  temperature  rises  above  the  neutral  temperature. 
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Figure  9.  Lightning  radar  cross  sections.  The  wavelengths  and  beam  volume  sizes  at  which  these  cross 
sections  were  observed  are  summarized  in  the  rbllowing  table. 
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Section  2 


Modvadoo: 

Triggered  lightning  begins  with  a  posidve  ieadn'.  There  exist  laboratory  experiments  on  posidve  leaders 
as  long  as  13  meters,  and  there  exist  theories  producing  excellent  agreement  with  these  experiments.  If  the 
first  ten  meters  are  the  difTicult  pan  of  triggering  ligbming,  then  these  laboratory  experiments  should  predict 
the  aircraft  potential  and  ambient  field  necessary  to  trigger  lightning. 

Conclusions; 

Data  from  the  F106B,  the  CVS80.  and  SPTVAR  show  no  cotreladon  between  aircraft  potential,  ambient 
field,  and  lightning  triggering.  Data  from  the  C160  shows  aircraft  potentials  and  ambient  fields  as  predicted 
by  posidve  leader  theory. 

What's  in  the  rest  of  this  secdon: 

Plots  of  aircraft  potential  and  ambient  field  at  the  dme  of  each  lightning  trigger  on  the  F106B.  CVS80. 
and  C 160. 

A  plot  conqiaring  NRL  and  ONERA  measurements  on  the  CVS80 
A  pictoral  summary  of  leader  physics  known  from  laboratory  snidies  of  posidve  leaders. 


For  any  given  experimental  program,  pressure,  humidity,  aircraft  velocity  and  aircraft  ca^Mcitance  don't 
change  much,  so  we  would  expect  the  charge  on  the  aircraft  and  the  electric  field  around  the  aircraft  to 
determine  when  the  aircraft  triggers  lightning.  Let's  try  to  guess  the  reladonship  between  ambient  electric 
Held  and  charge  on  the  aircraft  at  the  dme  the  aircraft  triggers  lightning.  If  aircraft  are  making  sbon 
positive  leaders  all  the  time,  and  the  difficult  part  of  triggering  lighming  is  making  a  leader  that  can  survive 
tens  of  meters  from  the  aircraft,  then  there  will  be  some  critical  ambient  field  at  which  the  aircraft  triggers 
lightning,  independent  of  charge  on  the  aircraft.  (It's  almost  independent  of  the  charge  on  the  aircraft 
because,  tens  of  meters  from  the  aircraft,  the  field  due  to  charge  on  the  aircraft  is  small  compared  to  the 
ambient  field.)  If  the  difncult  part  happens  closer  to  the  aircraft,  then  charge  on  the  aircraft  will  be 
important,  and  less  ambient  field  will  be  required  if  there  is  a  large  positive  charge  on  the  aircraft,  and  more 
ambient  Held  if  there  is  a  large  negative  charge  on  the  aircraft 

Indeed,  one  can  quantitatively  predict  the  number  of  volts  per  meter  the  ambient  field  can  go  down  for 
each  kV  of  aircraft  potendal.  We  assume  that  from  an  object  as  large  as  an  aircraft,  once  positive  streamers 
create  a  positive  leader,  comintted  development  to  a  lightning  discharge  is  inevitable.  Laboratory  streamers 
propagate  until  the  potential  drop  to  the  electrode  is  less  than  SOO  kV/m,  and  create  a  positive  leader  after  a 
couple  meters  of  propagation.  For  an  aircraft  body  ten  times  longer  than  it  is  wide,  positive  charge  on  the 
airoaft  increasing  the  aircraft  potential  by  one  volt  allows  a  decrease  of  1  volt  /  (l.S  aircraft  length  in 
meters)  in  ambient  field.  Negative  charge  on  the  aircraft  requires  an  increase  in  the  ambient  field.  A 
change  in  the  aspect  ratio  from  10  to  one  to  100  to  one  changes  the  factor  of  l.S  to  a  factor  of  1 .3.  So  we 
expect  the  fields  and  potendal  at  time  of  lighming  triggering  to  lie  on  a  line  of  slope  roughly  l.S  times  the 
length  of  the  aircraft.  We  shall  see  that  only  the  CI60  data  look  like  this. 

The  NASA  F106B  was  struck  hundreds  of  times  in  1982-1984,  but  apparently  was  not  instrumented  to 
determine  aircraft  charge  and  ambient  electric  field.  Electric  fields  and  aircraft  charge  just  before  16 
lighming  strikes  to  the  F106B  in  198S  are  reported  by  Rudolph  et  al  1989,  and  are  plotted  in  the  figure 
below. 


This  does  not  show  a  single  critical  field  for  lighming  triggering,  instead  it  simply  shows  that  the  charge 
on  the  aircraft  tended  to  be  large  when  the  aircraft  was  in  a  large  electric  field.  This  isn't  what  we  expected; 
we  expected  that  as  the  positive  charge  on  the  aircraft  increased,  the  field  required  to  trigger  lighming  would 
decrease.  One  possible  explanation  for  this  data  is  that  triggering  is  caused  by  something  other  than  the 
charge  of  the  aircraft  and  the  ambient  electric  field.  A  mote  likely  explanation  is  that  the  mills  on  the 
aircraft  were  not  carefully  enough  calibrated  to  distinguish  between  ambient  fields  and  fields  due  to  charge 
on  the  aircraft. 

The  NASA  CV580  is  the  aircraft  for  which  we  have  the  best  check  of  whether  the  fields  and  aircraft 
potential  inferred  are  correct.  The  CV580  was  simultaneously  instrumented  by  ONERA  and  NRL,  and  the 
two  teams  separately  analyzed  data  for  15  events  they  lecoixM  together.  The  aircraft  potential  from  the  two 
measurements  is  almost  uncorrelated;  the  ambient  fields  from  the  two  measurements  tend  to  differ  in 
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diiectioa  by  iiior  tbaa  60  degrees,  and  in  amplitude  by  a  Cactor  of  two.  In  any  case,  neither  dau  set  looks 


Two  lightning  strikes  to  SPTVAR  in  1989  are  reponed  in  Jones  et  al  1990.  The  ambient  fields  were  3 
and  7  kV/m.  an  order  of  magnitude  smaller  than  fields  reponed  on  any  other  aircraft  at  time  of  triggering. 
The  field  at  the  mills  due  to  the  aircraft  potential  was  "many  times  smaller"  than  that  due  to  the  ambient 
field.  SPTVAR  has  been  more  carefully  calibrated  than  any  of  the  other  aircraft,  so  this  should  not  be 
explained  as  a  bad  measurement.  SPTVAR  cannot  have  triggered  these  flashes;  laboratory  streamers  require 
an  average  field  of  300  kV/m.  and  an  ambient  field  of  40  kV/m  is  required  to  produce  such  a  field  for  even 
one  twentieth  of  the  aircraft  length.  This  suggests  that  SPTVAR  was  struck  by  lightning  that  began  in  some 
far  away  high  field  region,  that  SPTVAR  did  not  trigger  lightning. 

Thineen  strikes  to  the  Transall  C160  are  reported  in  Laroche  et  al.  and  plotted  below.  These  appear  to 
lie  on  two  separate  lines,  each  with  the  predict^  slope.  If  instead  of  total  field,  we  plot  the  larger  of  the 
horizontal  field  and  3/3  of  the  vertical  field,  the  two  lines  coalesce,  suggesting  that  one  line  corresponds  to 
lighffling  initiation  from  the  nose  or  tail,  and  the  other  to  initiation  from  the  vertical  stabilizer.  As  the 
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analyzed  UMal  field  decreases  with  increasing  anslynd  cfasige  on  die  aircnft.  it  is  unlikely  tbat  the  slope  is 
due  to  the  same  pollutioo  of  the  ambient  field  by  the  aircraft  posendsl  that  characterized  the  F106B  data. 
TheC160data«)peaf  tobe  good. 
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1.  Infrared  Emission  from  Hn  Regions 


This  effort  involved,  in  part,  determining  the  infrared  (IR)  spectral  properties  of 
Hll  regions  (areas  of  ionized  gas  surrovmding  young,  hot  stars)  in  the  equatorial  plane  of 
the  Galaxy.  These  properties  were  obtained  from  data  and  images  observed  by  the  Infrared 
Astronomy  Satellite  (IRAS).  Some  of  the  properties  of  the  H II  regions  being  examined  are 
size,  intensity,  and  color  ratios  and  how  these  vary  with  position  in  the  Galaxy. 

The  infrared  emission  for  the  set  of  70  H II  regions,  with  known  kinematic  distances, 
was  examined  using  images  from  the  IRAS  Sky  Survey  Atlas  in  all  4  wavebands  of 
observation  (12,  25,  60,  and  100  fim).  These  are  radio  bright  (/issomhi  >  1  Jy)  Hll 
regions  located  in  the  first  Galactic  quadrant:  30*  ^  60®,  |  b  |;$  01*5.  The  ‘typical’  Hll 

region  in  this  sample  has  a  dust  temperatme  T(60/100)  =  32K  (for  A”^  emissivity  law), 
a  diameter  of  30  pc,  and  a  luminosity  (A  >  50/im)  of  10®  —  lO*^©.  However,  there  are 
several  noticeable  exceptions  which  are  associated  with  the  molecxilar  ring  and  the  W43 
and  W51  Hll  region  complexes.  These  Hll  regions  are  hotter  than  average  and  appear 
brighter  than  average  at  all  IRAS  wavebands.  It  is  interesting  to  note  that  the  H II  regions 
associated  with  the  W49  complex  have  characteristics  typical  of  the  sample. 

Initially,  several  IRAS  images  were  examined  over  a  120  square  degree  region  (8 
fields  that  are  4  degrees  on  a  side)  in  the  first  Galactic  quadrant  .  The  analysis  of  these 
images  served  as  a  prototype  that  will  eventually  cover  ail  catalogued  Galactic  HII  regions. 
Toward  the  end  of  this  contract  period  the  emalysis  was  continued  over  four  additional  12° 
square  fields  in  the  outer  galaxy. 

The  spectral  characteristics  of  these  Hll  regions  were  examined  using  the  low 
resolution  spectrometer  (LRS)  data  from  IRAS.  Polynomial  fits  were  made  to  the  red 
(A  ^  12|im)  end  of  the  spectra.  The  shapes  of  the  spectra  fell  into  two  distinct  classes 
based  on  the  red  end  of  the  spectrum:  flat  or  rising  continua.  Some  of  these  spectra 
also  showed  silicate  absorption  at  lO/im.  After  subtracting  these  fits  from  the  spectra. 
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the  residuals  showed  three  known  emission  lines,  [Nell],  [Neill],  or  [Sill],  present  in  most 
spectra  and  possibility  an  unidentified  emission  line  at  21^m.  Most  of  these  lines  2u-e 
detected  above  the  3(r  threshold,  however  some  of  them  are  only  at  the  2(7  level. 

All  of  the  spectra  are  continuum  dominated  spectra  with  emission  lines.  No 
correlations  were  fotmd  among  the  emission  lines  in  the  LRS  data  and  the  spectra 
themselves.  This  included  comparing  the  presence  or  absence  of  the  three  lines  with  the 
spectnun  shape,  linear  slope,  and  60/100,  25/100,  emd  25/60  fiux  ratios.  One  possible 
explanation  for  this  lack  of  correlation  is  the  source  of  the  emission.  The  continuum  in  the 
spectra  is  mainly  due  to  dust  emission,  whereas  the  emission  lines  arise  &om  the  ionized 
gas.  The  ionized  gas  is  contained  in  a  shell  interior  to  the  diist  emitting  region.  Therefore 
the  two  sources  of  emission  are  not  physically  connected,  although  they  both  share  the 
same  heating  soxirce. 

Cox  (1990  Astr.  &  Ap.,  236,  L29)  reported  the  presence  of  a  2lAtm  band  in  the  LRS 
data  of  Hll  regions.  Cox  argues  that  this  is  band  emission  by  comparing  the  LRS  with  the 
point  source  catalog  (PSC)  flxixes  at  25/im.  The  25^m  bandpass  covers  some  of  the  LRS 
wavelengths.  In  his  sample  of  H II  regions,  the  emission  in  the  PSC  fluxes  underestimate 
the  flux  implied  in  the  LRS  data.  As  a  result  Cox  argues  that  the  feature  seen  at  21/im  is 
not  continuum  emission,  but  rather  band  emission  &om  molecules. 

When  the  PSC  fluxes  are  compared  with  the  LRS  data  that  I  have  analyzed,  some 
of  Cox’s  bamd  features  Me  evident.  However,  the  feature  is  not  as  ubiquitous  as  Cox  has 
claimed.  Also,  some  of  the  LRS  that  show  the  szune  type  of  band  features  do  not  have  the 
excess  emission  that  Cox  reports.  Further  investigation  is  needed  in  regards  to  this  21;zm 
feature. 
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2.  Rosette  Nebula 


The  Rosette  Molecular  Cloud  (RMC)  is  a  site  of  recent  (NGC  2244)  zuad  on  going 
star  formation  (young  stellar  object  AFGL  961).  The  RMC  has  properties  typical  of 
complexes  that  give  rise  to  OB  associations  in  the  vicinity  of  the  Sim.  An  early  CO  survey 
by  Blitz  &  Thaddeus  (1980  ApJ,  241,  676)  shows  that  CO  emission  extends  around  almost 
the  enitre  periphery  of  the  nebula.  Later,  Blitz  &c  Stark  (1986  ApJL,  300,  L89)  mapped  the 
RMC  in  ^^CO  using  the  7m  Bell  Labs  telescope.  However,  they  did  not  include  the  area 
immediately  surrounding  the  nebula.  Hi  maps  of  the  Rosette  Molecular  Complex  show 
a  shell  of  atomic  gas  that  is  expanding  into  the  molecular  cloud.  High  resolution  IRAS 
images  in  all  four  bands  show  an  unresolved  (<  1')  compression  front  spatially  coincident 
with  this  H I  shell. 

During  this  contract  period,  the  Five  College  Radio  Astronomy  Observatory’s  array 
mapper,  QUARRY,  was  used  to  map  the  expansion  front  in  ^®CO  to  obtain  high  spectral 
resolution  data  of  the  molecular  gas  surrounding  the  nebula.  These  data  will  be  used 
along  with  existing  CO  data  to  determine  the  kinematics  and  energetics  of  the  molecular 
component  of  the  expansion.  The  data  are  currently  being  analyzed. 


3.  Meetings 

The  following  meetings  were  attended  during  the  contract  period.  Posters  or  oral 
presentations  are  listed  for  their  respective  meetings. 

Back  to  the  Galaxy,  University  of  Maryland,  College  Pau-k,  MD  12-14  October  1992: 

‘Infrared  Emission  of  Galactic  H II  Regions’  (poster) 

American  Astronomical  Society  181st  Meeting,  University  of  Arizona,  Phoenix,  AZ 
3-10  January  1993:  ‘The  Boston  University-Arecibo  Galactic  Hi  Survey’  (oral 
presentation) 
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Celestial  Beurkgrounds  Review,  University  of  Florida,  Gainsville,  FL  19-20  January  1993: 

‘IRAS  Properties  of  H II  Regions’  (oral  presentation) 

American  Astronomical  Society  182nd  Meeting,  University  of  California,  Berkeley,  CA 
5-10  Jime  1993:  ‘IRAS  Properties  of  Hll  Regions’  (poster) 


4.  Publications 

The  following  papers  were  published  or  were  in  press  during  the  contract  period 
and  ase  attached  to  this  report: 

Kuchar,  T.  A.  1992  Back  to  the  Galaxy,  A.  1.  P.  Conference  Proceedings,  No.  278,  ed. 
S.  S.  Holt  zmd  F.  Verter,  p  250:  ‘Infrared  Emission  of  Galactic  H II  Region’ 

Kuchar,  T.  A.  and  Bania,  T.  M.,  1993,  Astropbysical  Journal,  Vol  414,  ‘A  High  Resolution 
H I  Survey  of  the  Rosette  Nebula’ 

Kuchar,  T.  A.  zmd  Bania,  T.  M.,  1993,  Astropbysical  Journal,  submitted  ‘Kinematic 
Distsinces  of  Galactic  Hll  Regions  from  Hi  Absorption  Studies’ 
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ABSTRACT 

Infrared  emission  from  Hn  regions  has  been  extracted  from  the  IRAS 
databases  for  a  sample  of  Galactic  Hll  re^ons  identified  by  radio  continuum 
and  recombination  line  surveys.  This  investigation,  based  on  a  sample  of  radio 
Hll  regions,  shotild  lessen  the  bias  towards  local  Hn  regions  which  are  larger 
and  brighter  on  average.  The  infrared  luminosity,  color  and  physical  properties 
have  been  extracted  from  this  data  set  as  a  function  of  Galactocentric  distance. 
The  global  infrared  properties  of  the  HlI  regions  are  quite  uniform  with  some 
very  interesting  exceptions. 


1.  INTRODUCTION 

The  general  infrared  properties  of  Hn  regions  in  the  Galaxy  were  sought 
by  compiling  the  IR  fluxes  listed  in  the  IRAS  Point  Source  and  Small  Scale 
Structure  Catalogs.  Also,  the  detailed  properties  for  a  group  of  70  HlI  regions 
were  studied  using  the  IRAS  Sky  Survey  Atlas  for  a  30  square  degree  field  in 
the  Galactic  plane  (30*  ^  i  ^  60* ).  A  list  of  1000+  Hn  regions  was  compiled 
from  the  recombination  line  surveys  listed  below  in  the  references.  Distances 
(for  Rq  =  8.5  kpc,  and  0o  =  220km  s~^)  are  derived  from  these  references. 
Approximately  730  HlI  regions  were  listed  in  the  PSC  and  160  in  the  SSSC. 

2.  FLUX  RATIOS  FROM  IRAS  IMAGES  AND  PSC 

Figure  1  shows  the  IRAS  12/100  and  60/100  flux  ratios  for  a  ssimple  of 
Hn  regions  located  in  the  first  Galactic  quadrant:  30*  ;$  f  ;$  60*,  |  6  |<  1*.  The 
ratios  are  derived  from  the  peak  fluxes  as  they  appear  in  images  from  the  Sky 
Survey  Atlas.  Thus  most  of  the  HlI  regions  in  this  sample  are  resolved  in  the 
images  (t.e.,  d  >  6').  The  histogram  shows  the  mean  ratio  for  the  HlI  regions 
located  in  a  0.5  kpc  wide  bin.  The  error  bars  indicate  the  rms  scatter  about  the 
mean.  Both  ratios  show  peaks  near  6  -  6.5  kpc.  These  HlI  regions  are  quite 
possibly  associated  with  gismt  molecular  clouds  and  star  forming  complexes  in 
the  molecular  ring. 

The  mean  12/100  ratio  for  the  diffuse  interstellar  medium  and  molecular 
clouds  is  0.06+0.02  (Laureijs  1989).  Thus  it  appears  that  these  HlI  regions 
are  deficient  in  12  emitters  relative  to  100  ^^m  when  compared  with  the 
interstellar  medium.  The  mean  60/100  ratio  for  molecular  clouds  is  0.21+0.03. 
This  is  a  smaller  value  the  mean  presented  in  Figure  1.  However,  this  is  not  a 
surprising  result,  since  the  dust  surrounding  the  Hll  regions  is  being  be  heated 
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Figure  1 
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by  the  OB  stars  associated  with  the  Hll  regions. 

3.  IR  LUMINOSITIES 

The  far  infrared  color  (60/100)  temperatures  and  optical  depths  (r  a  A~^) 
were  calculated  for  48  Hll  regions  in  the  Galactc  plane  for  30*  ^  60*. 

Along  with  the  the  kinematic  distances  (Kuchar  1992),  these  data  were  used 
to  determine  the  FIR  luminosities  of  the  Hll  regions.  Figure  2  shows  the 
distribution  of  luminosities  in  a  face-on  view  of  the  Gala:^  as  seen  from  the  north 
Galactic  pole.  The  distribution  peaks  at  Galactocentric  radius  of  6  kpc.  The 
positions  of  the  Hll  regions  are  marked  by  circles  the  size  of  which  corresponds 
to  the  FIR  luminosity  of  the  Hn  remon.  Fiducial  symbols  mark  the  position  of 
the  Stm  (0)  and  the  Galactic  center  T+).  Galactic  longitudes  are  marked  as  well. 
The  brightest  Hll  repons  {L  >  Lq)  appear  to  be  associated  with  the  densest 
molecular  clouds.  This  can  be  seen  by  comparing  Figure  2  with  a  similar  figure 
in  Clemens  ei  al.  (1988)  which  shows  the  surface  density  of  moleciilar  gas. 
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ABSTRACT 


As  part  of  the  Boston  University-Arecibo  Galactic  Hi  Survey,  we  emalyzed  the 
gross  physical  properties  of  the  atomic  gas  associated  with  the  Rosette  Molecular  Complex 
(RMC)  which  was  derived  from  a  new,  high  resolution  21cm  survey.  At  the  distance  of  the 
RMC,  the  4'  angular  resolution  of  the  survey  corresponds  to  a  linear  size  of  2pc.  The  H I 
maps  presented  here  cover  an  area  of  110x60  pc.  If  the  21cm  emission  is  optically  thin,  then 
the  survey  mapped  an  Hi  mass  of  1.5  ±’0.1  x  10^  Mq.  The  optical  nebula  is  surrounded 
by  three,  dense  Hi  regions,  which  roughly  trace  out  the  boundary  of  an  Hi  shell.  The 
shell  is  located  at  the  periphery  of  the  atomic  cloud  and  is  expanding  into  the  cloud  at 
4.5kms“^.  The  expansion  center  is  located  at  (i,b,v)  =  (206.®266,— 2.®083,16.0kms“^). 
A  constant  expansion  velocity  implies  a  dynamical  age  for  the  shell  of  approximately  4 
million  years,  which  is  consistent  with  the  age  of  the  central  cluster  NGC  2244.  The  total 
kinetic  energy  of  the  expansion  is  estimated  to  be  3.8  x  10^‘  ergs.  This  represents  about 
2%  of  the  total  (radiative  +  mechanical)  energy  available  from  the  central  cluster.  Thus 
the  central  clxister  can  provide  sufficient  energy  to  power  the  flow  through  a  combination 
of  stellar  winds  and  radiation. 

Subject  headings:  ISM:  clouds  -  ISM:  individual  (Rosette  Nebula)  -  radio  lines:  ISM 
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1.  Introduction 


The  Rosette  Molecular  Cloud  (RMC)  has  properties  typical  of  complexes  that  give 
rise  to  OB  associations  in  the  vicinity  of  the  Sun.  Blitz  &  Thaddeus  (1980)  estimated  the 
total  mass  of  molectilar  hydrogen  in  the  complex  (over  an  area  of  2.51  square  degrees)  to 
be  1.3  X  10^  Mq  with  a  comparable  mass  in  atomic  hydrogen.  The  RMC  is  also  a  site 
of  recent  star  formation.  The  central  cluster  in  the  Rosette  Nebula,  NGC  2244,  contains 
several  main  sequence  0  stars  (Perez  et  al.  1987).  The  presence  of  an  04v  star  indicates 
that  the  age  of  the  cluster  is  5  Myr  (Cox  &  Guili  1968)  but  may  be  as  young  as  10’  yrs. 
In  fact  there  are  indications  of  active  star  formation  in  the  RMC.  The  complex  contains 
a  number  of  infrared  sources,  many  of  which  are  associated  with  molecular  clumps  (Cox 
et  al.  1990).  The  most  luminotis  of  these  IR  sources,  AFGL  961,  is  associated  with  a 
molecular  outflow  and  thus  may  be  the  result  of  an  embedded,  yoxmg  stellar  object  (Lada 
&  Gautier  1982). 

The  Rosette  complex  has  also  been  investigated  in  several  wavelength  bands.  The 
dust  and  infrared  properties  were  examined  by  Celnik  (1986)  and  Cox  et  al.  (1990).  The 
properties  of  the  molecular  gas  have  been  disctissed  by  Blitz  k  Thaddeus  (1980)  and  more 
recently  by  Blitz  k  Stark  (1986)  and  Blitz  (1987, 1991).  The  ionized  gas  of  the  Hll  region 
of  the  Rosette  Nebula  has  been  investigated  by  Celnik  (1983,  1985).  Raimond  (1966) 
conducted  a  coarse  H I  survey  with  a  spatial  resolution  of  0.®56  and  a  velocity  resolution  of 
2.1  kms~^.  He  mapped  22  square  degrees  of  the  complex  and  determined  an  Hi  mass  of 
2.0  X  10’  Mq  (for  an  assumed  distance  of  1600  pc).  However  the  properties  of  the  atomic 
gas  in  the  complex  have  yet  to  be  investigated  in  detail. 

In  this  paper  the  results  of  a  high  resolution,  neutral  atomic  hydrogen  survey  of  8.4 
square  degrees  of  the  Rosette  complex  are  presented.  In  the  following  sections  the  density 
and  velocity  structxire  of  the  Rosette  complex  are  discussed  including  the  effects  of  the 
cluster  on  the  siirrounding  gas.  Throughout  this  paper  we  2issume  that  the  distance  to  the 
RMC  is  1600  pc,  which  is  the  distance  to  NGC  2244  (see  review  by  Perez  et  al.  1987  for 
the  distance  determination  and  associated  errors). 
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2.  Observationa  and  Data  Reduction 


The  Hi  observations  were  made  over  a  period  of  a  few  months  in  the  spring  of  1988 
(Epoch  3  of  the  Boston  University- Aredbo  Galactic  Hi  Siirvey;  see  Bania  &  Kuchar  1993) 
with  some  additional  data  acquired  in  October  1989  with  the  305m  Aredbo  telescope^ . 


^Aredbo  Observatory  is  part  of  the  National  Astronomy  and  Ionosphere  Center  (NAIC) 
which  is  operated  by  Cornell  University  under  contract  with  the  National  Science 
Foundation. 


The  data  were  observed  with  the  21cm  flat  feed  in  frequency  switched  mode  with  the 
reference  frequency  shifted  2.5  MHz  from  the  Hi  line.  The  feed  has  a  center  frequency 
of  1407  MHz  and  a  bandwidth  of  40  MHz.  The  mapped  region  covers  a  rectangular 
grid  in  (£,  b)  space  and  is  sampled  at  4',  the  HPBW  of  the  flat  feed.  The  data  cover 
approximately  right  square  degrees  in  the  range  204?866  <  £  <  208?799,  -3f  150  <  h  < 
— 1.*016  (see  Table  1  for  the  observational  parameters)  and  have  a  velocity  resolution  of 
0.52  km  s**^.  At  a  distance  of  1600  pc,  then  approximately  110  x  60  pc  of  the  Rosette 
complex  has  been  mapped  with  a  spatial  resolution  of  2  pc. 

All  of  the  spectra  had  linear  baselines  removed  and  were  corrected  for  feed  gain 
variations  with  zenith  distance.  The  Hi  data  presented  below  and  in  the  tables  are 
expressed  in  terms  of  brightness  temperatures,  whereas  the  flgxires  are  expressed  in 
antexma  temperatures.  The  conversion  between  the  two  temperature  scales  is  Tb  =  1.37a 
(cf.  Bania  and  Kuchar  1993  and  Bania  and  Lockman  1993).  Once  the  gain  correction 
was  applied  to  all  the  data,  secondary  calibration  effects  were  evident.  The  integrated 
intensity  maps  showed  a  'mosaic’  pattern,  i.e.  portions  of  the  maps  showed  pronoimced, 
rectangular-shaped  jumps  in  the  intensities.  The  edges  of  these  mosaic  patterns  outline  the 
observations  that  were  made  on  a  speciflc  day.  These  daily  variations  (~  5%)  in  the  feed 
sensitivity  can  be  caused  by  changes  in  the  weather  (e.g.  rain  running  down  the  antenna 
feeds  changes  the  feed  sensitivity). 

Daily  correction  factors  were  derived  according  to  the  procedure  described  below. 
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The  correction  factors  for  a  specific  date  have  an  uncertainty  of  at  mc»t  1%;  however,  a 
typical  uncertainty  is  ~  0.5%.  The  resulting  set  of  correction  factors  ranged  from  0  to  8%, 
with  the  average  correction  being  just  less  than  3%.  The  daily  corrections  were  applied 
to  the  entire  Hi  data  set.  The  resulting  integrated  intensity  maps  showed  a  considerably 
reduced  mosaic  effect. 

Changes  in  the  receiver  system  temperature  from  the  expected  value  were  used 
to  correct  the  intensity  calibration  of  the  data  set.  If  the  feed  sensitivity  (and  hence 
the  gain  as  well)  changes,  this  will  be  reflected  in  the  measured  system  temperature, 
T,y,.  Thus,  an  anomalous  increase  in  can  be  an  indication  of  a  change  in  the  feed 
sensitivity.  If  the  gain  varies  as  a  resxilt  of  daily  changes  in  the  feed  sensitivity,  then 
we  can  attempt  to  model  this  variation  as  a  change  in  the  expected  Tty,.  The  empirical 
T,y,  curve  for  the  BU-Arecibo  Survey  was  used  to  estimate  the  expected  T.y,  for  the 
Rosette  data.  The  Survey  curve  was  determined  from  observations  near  the  galactic  plane 
(6  S'*)  devoid  of  strong  continuum  soxirces.  It  was  also  calculated  using  the  off-frequency 

(i/  =  1417.5  MHz)  system  temperature  so  that  there  is  no  contribution  from  Galactic  21cm 
line  emission.  Therefore  comparing  the  off-frequency  system  temperatures,  r,y,,off>  of  the 
Rosette  data  with  the  empirical  Survey  r,y*  curve  gave  an  indication  of  the  correction 
needed  to  compensate  for  the  daily  variations. 

The  Rosette  mapping  procedures  assigned  scan  numbers  each  day  to  all  the  spectra 
that  filled  in  a  partic\ilar  map  section.  For  a  given  day’s  observations,  the  difference 
between  r,ys,off  for  all  spectra  with  the  same  scan  number  and  the  Survey  T.y,  curve  wais 
computed.  A  correction  factor,  k,  was  determined  to  minimize  this  difference  such  that 
the  average  difference  for  a  particular  scan  number  was  less  than  0.1  K: 

<  7^ys,off  ~  k  X  Tsys  >  <  0.1  K.  (1) 

Observations  toward  continuum  sources  were  excluded  from  the  calculation.  Most  days 
had  observations  with  more  than  one  scan  number.  The  correction  factors  for  all  scan 
numbers  observed  on  the  same  day  were  averaged  together.  This  average  then  became  the 
correction  for  that  date. 

Finadly,  the  entire  map  was  smoothed  in  angle  by  convolving  the  original  data  with 
a  circular,  two-dimensional  Gaussian  with  a  FWHM  of  4',  the  beamwidth  of  the  flat  feed. 
The  convolution  was  performed  over  ~  1.25  beamwidths  (3<7  of  the  Gaussian),  thus  the 
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smoothing  does  not  seriously  compromise  the  spatial  resolution  of  the  data.  The  overall 
result  is  to  reduce  the  noise  of  the  individual  spectra  by  a  factor  of  3  to  0.15  K  and  to 
remove  artificial  spatial  variations  that  appear  smaller  than  the  beamwidth.  Thu  smoothed 
data  set  will  he  used  in  all  further  analyses. 


2.1  Density  Structure 


A  rough  estimate  of  the  ambient  H I  density  at  the  outer  boimdary  of  the  Rosette 
Nebida  can  be  made  by  using  Ha  emission  to  delineate  the  edge  of  the  Stromgren  sphere: 


n  = 


(cm-^1 


(2) 


where  n  is  the  total  (neutral  and  ionized)  H  density,  5*  the  number  of  ionizing  photons,  Te 
the  electron  temperature,  and  Us  is  the  Stromgren  radius.  The  recombination  coefiicient, 
a,  is  taken  from  Mathews  Se  O’Dell  (1969).  Here  we  assume  that  ionization  of  Hi  is 
precisely  balanced  by  recombination  at  Rs.  Panagia  (1973)  gives  the  number  of  ionizing 
photons  (above  the  Lyman  limit)  for  NGC  2244  as  1.44  x  10®°  s”^  The  (non-LTE)  electron 
temperature  for  the  Rosette  was  determined  by  Celnik  (1985)  to  be  5800±700K. 

The  Stromgren  radius  was  inferred  from  Celnik’s  (1983)  Ha  survey  of  the  Rosette 
Nebula.  He  has  calcxilated  the  mean  flux  density  of  Ha  emission  in  rings  of  width  2\ 
centered  up>on  the  central  minimum  at  (£,b)  =  (206.*247,— 2.'’106).  The  radius  of  the  Ha 
emission  out  to  the  noise  limit  of  the  data  is  approximately  68'.  The  resolution  of  the 
data  is  4.'75,  which  is  taken  as  the  error  in  this  measurement.  For  an  assumed  distance  of 
1600  pc,  the  edge  of  the  Ha  emission  is  32  ±  2  pc  from  the  center.  If  this  is  taken  as  Rs , 
equation  (2)  gives  an  ambient  H  density  of  10  ±  2  cm~®. 

The  radius  of  the  nebula  as  it  appears  on  the  red  Palomar  Observatory  Sky  Survey 
plate  is  ~  38'  (=  17.7  pc).  If  this  is  taken  as  the  Stromgren  radius,  then  the  corresponding 
density  is  60  cm”®.  Thus  the  Hi  density  in  the  vicinity  of  the  nebula  is  uncertain  by 
nearly  an  order  of  magnitude  based  on  these  crude  estimates.  However,  since  the  medium 
is  not  composed  purely  of  hydrogen,  other  elements  are  likely  to  be  ionized  and  will  also 
contribute  to  n*. 
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For  a  homogeneous  and  isothermal  medium,  the  H 1  column  density  is  given  by: 

N{HI)  =  1.8  X  10"  j ('”■'1-  (^> 

where  T(v)  is  the  brightness  temperature  at  LSR  (local  standard  of  rest]  velocity  v.  For 
optically  thin  emission,  the  above  expression  can  be  simplified: 

N{H  I)  =  1.8  X  10^*  J  T{v)dv  [cm-^]  a  r.r  Au.  (36) 

Thus  a  simple  map  of  velocity  integrated  Hi  intensity  can  be  regarded  as  a  column  density 
map  provided  that  these  assumptions  hold. 

Figure  1  shows  the  integrated  intensity  map  for  the  smoothed  H I  data.  The  map 
was  integrated  over  velocities  3.1  to  24.2  kms“*,  which  correspond  to  the  velocities  of  CO 
emission  associated  with  the  RMC  based  on  the  Bell  Labs  CO  Survey  (Blitz  and  Stark 
1986).  Also  these  velocities  fall  within  the  velocity  range  that  Raimond  (1966)  determined 
for  the  Hi  gas  in  the  area  of  the  complex.  His  cloud  C,  which  is  coincident  with  the  Rosette 
Nebula,  has  a  velocity  range  of  0  to  25  kms~‘. 

The  contotirs  in  the  figure  are  expressed  in  K  kms“\  but  can  also  be  considered 
contours  of  column  density  using  eq.  (3b).  There  are  several  striking  features  in  this  figure. 
The  position  of  the  optical  nebula  is  evident  in  this  map  as  a  local  minimum  at  (f ,  6) 
(206.*2,— 2."1).  Below,  and  to  the  left  of  this  position  are  regions  of  enhanced  colunm 
density.  However,  there  is  a  ‘valley’,  a  long,  narrow  region  of  decreased  H I  column  density 
(or  Hi  emission),  that  separates  these  two  regions  of  higher  column  density.  This  valley 
extends  to  the  position  of  the  optical  nebula.  To  the  upper  right  of  the  nebula,  the  Hi 
column  density  decreases.  The  left  edge  of  the  figure  shows  a  rather  smooth  distribution 
of  H I  emission,  in  contrast  to  the  area  that  surroimds  the  nebula. 

Assuming  that  the  Hi  emission  is  optically  thin,  the  average  column  density  over 
the  mapped  region  is  2.7±0.2  x  10^^  cm“^.  The  total  Hi  mass  (=  mHN(Hl)  x  surface 
area)  in  the  mapped  region  is  approximately  1.5  ±0.1  x  10* Af©.  This  is  comparable  to  the 
Hi  mass  estimate  made  by  Raimond  (1966),  where  he  calculated  a  mass  of  2  x  10*  A/©  over 
an  Mea  of  16  square  degrees.  Using  the  volume  density  calculated  above  and  the  average 
column  density,  N,  we  estimate  the  line  of  sight  depth  of  the  complex  to  be  L  ~  (N/n)  = 
87  pc  for  n  =  10  cm“*.  This  depth  is  comparable  to  the  diameter  of  the  Ha  emission,  64 
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pc.  If  the  second  estimate  of  the  volume  density  (60  cm~^)  is  used,  this  implies  a  depth  L 
~  14  pc. 

It  is  interesting  to  note  that  the  absolute  minimum  of  the  Hi  emission  in  Figme  1 
does  not  occur  near  the  center  of  the  Rosette  Nebula  but  rather  toward  the  upper  right 
comer  of  the  figixre.  The  contours  here  show  a  relatively  steep  rise  in  the  integrated  H I 
intensities  suggesting  that  this  area  marks  the  periphery  of  the  H I  cloud  associated  with 
the  RMC.  In  Raimond’s  (1966)  survey  of  the  region,  a  portion  of  the  half-peak  column 
density  contour  of  his  ‘C’  cloud  coincides  with  this  area  of  low  column  density.  Thus  the 
"C'  cloud  contour  may  be  regarded  as  the  edge  of  the  RMC's  atomic  component. 

The  maximum  Hi  column  density  occurs  south  of  the  optical  nebula  at  (f, 6)  = 
(2051*931,  — 3.“017)  with  a  value  of  3.4  x  10^*  cm“^.  The  mass  of  Hi  contained  within 
an  area  rough'y  20'  in  raditis  about  this  point  is  approximately  7000  Mq.  Also,  there 
are  two  other  feattires  of  high  column  density  located  just  outside  the  nebula  at  (£,  6)  = 
(206?865,  — 1.®483)  and  (207?199,— 1?683).  Each  of  these  is  roughly  circular  with  a  radius 
of  12'.  The  mass  of  Hi  contained  in  these  two  regions  is  approximately  2500  and  2100 
Mq,  respectively.  These  three  density  enhancements  comprise  10%  of  the  Hi  mass  of  the 
mapped  area. 

An  expanding  shell  siirrounding  the  optical  nebula  has  been  detected  in  the  H I  data. 
The  three  density  enhancements  roughly  trace  the  outer  boimdary  of  the  shell.  The  shell 
is  irregularly  shaped  and  appears  on  the  periphery  of  the  H I  cloud.  Raimond  discusses  the 
evidence  in  his  data  for  a  thin  H I  shell  surroimding  the  nebula.  He  derived  a  radius  of  1° 
(25  pc)  zmd  a  mass  of  8.5  x  10^  Mq  for  the  shell.  However,  the  resolution  of  his  data  was 
too  coarse  (in  space  and  velocity)  to  be  certsin  of  these  parameters.  The  present  data  have 
sufficient  resolution  to  determine  the  velocity  structure  in  the  shell.  These  characteristics 
are  derived  in  the  next  section. 


2.3.  Velocity  Structure  in  the  Nebula 

The  presence  of  OB  stars  in  NGC  2244  should  adfect  the  kinematics  of  the  gas 
in  their  immediate  environment.  The  radiation  pressiire  and  the  stellar  winds  from  the 
cluster  members  should  accelerate  the  material  surroimding  them.  In  the  ideal  case  of  a 
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viniform  medium,  a  centr2dly  located  cluster  will  cause  the  gas  to  expand  spherically  and 
create  a  shell  of  material  (Castor  et  al.  1977).  Thus  expsmsion  of  the  gas  should  be  evident 
in  the  H I  map.  As  the  nebula  expands,  the  H I  gas  and  dust  would  be  swept  up  by  the 
shell  resulting  in  a  decrease  of  the  H I  density  towards  the  center  of  the  nebula.  If  the  H I 
shell  is  optically  thin,  isothermal,  and  of  uniform  density,  then  changes  in  the  brightness 
temperature,  Tb,  will  trace  the  pathlength  through  the  shell  traversed  by  the  line  of  sight: 

Tb(»)=T.(l-«-’-<’’>)  =  T.r(v),  (4) 

where  r  is  the  optical  depth  at  velocity  v  and  T,  is  the  H I  spin  temperatxire.  Thus  as  the 
line  of  sight  crosses  longer  path  lengths  through  the  shell,  the  optical  depth  increases  and, 
as  a  restilt,  Tb  increases. 

This  expansion  would  be  apparent  in  a  longitude-velocity  diagram  of  the  data 
observed  toward  the  center  of  the  expansion.  The  shell  expands  in  three  dimensions,  but 
an  (i,v)  diagram  shows  only  the  line  of  sight  component.  A  line  of  sight  that  passes 
through  the  expansion  center  will  show  the  systemic  velocity,  V,,  of  the  complex  along 
with  the  full  component  of  the  expansion  velocity,  i.e.  V,±  Vexp.  As  the  line  of  sight 
moves  away  from  the  expansion  center,  the  projected  component  of  Vexp  along  the  line  of 
sight  decreases.  At  the  edge  of  the  shell,  the  expansion  is  tangent  to  the  the  line  of  sight 
and  the  only  velocity  component  observed  is  V,.  (The  position  at  which  this  occurs  can 
be  used  to  define  the  radius  of  the  shell.)  The  result  is  an  expanding  shell  that  shows  up 
in  velocity  space  as  a  circular  feature  centered  at  the  velocity  of  the  nebula.  Below  we 
illustrate  this  by  modelling  the  emission  that  is  expected  from  a  spherically  expanding, 
\iniform  shell. 

The  model  shell  is  taken  to  be  at  a  uniform  temperature  and  density  and  is 
expanding  spherically  at  a  constant  velocity.  Positions  edong  the  line  of  sight  are  divided 
into  a  total  of  N  cells.  The  gas  is  confined  to  the  cells  within  a  radius  R,  ±  AR/2  of  the 
expansion  center,  where  AR  is  the  shell  thickness.  This  gets  is  assumed  to  have  an  internal 
velocity  dispersion  which  is  incorporated  in  the  optical  depth  profile.  For  simplicity,  the 
optical  depth  profile  is  taken  to  be  Gaussian,  with  the  opticzd  depth  at  velocity  v  of  the 
ith  emission  component  being: 
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where  <7v  is  the  velocity  dispersion,  u,-  is  the  velocity  of  line  center,  and  tq  is  the  optical 
depth  at  line  center  (assumed  to  be  constant  for  a  uniform  shell).  A  consequence  of  this 
line  shape  is  that  the  optical  depth  profiles  for  different  cells  at  different  velocities,  v,-,  will 
overlap  in  velocity  space.  Thus  the  observed  brightness  temperature  at  a  particular  LSR 
velocity  will  be  the  sum  of  all  the  emission  at  that  velocity; 

N  X  n-l 

Tb,n(u)  =  ^  Tb,,(u)  +  r,rB(t;)expf  -  ^  r,(v) 

Here,  the  emission  from  the  n*^  cell  at  a  velocity  v  is  the  sum  of  the  emission  at  the  same 
velocity  for  the  other  N— 1  cells  along  the  line  of  sight.  Also  the  emission  from  the  n'** 
cell  is  attenuated  by  the  material  in  the  n—l  foregrotmd  cells.  An  (i,v)  diagram  of  an 
expanding  shell  was  computed  using  the  above  model  and  the  parameters  listed  in  Table 
2.  Figure  2  shows  an  (£,  v)  diagram  for  this  model  taken  through  the  expzmsion  center. 
The  figure  includes  only  emission  firom  the  shell,  no  qvdescent  cloud  emission  is  included 
in  this  model. 

The  parameters  listed  in  Table  2  were  chosen  to  reproduce  the  gross  properties  of 
the  Hi  shell  in  the  Rosette  Nebula  (e.g.  the  size,  velocity,  and  column  de  isity  [~  TaTocrt,} 
of  the  shell).  The  average  density  (~  N(Hl)/AR)  of  the  shell  using  these  parameters  is 
10  cm”^,  which  was  set  from  the  Stromgren  sphere  calculation  in  §2.2.  The  key  feature  in 
Figxire  2  is  the  limb  brightening  that  occurs  at  the  edges  of  the  shell  where  the  path  length 
through  the  shell  and  thus  the  optical  depth  is  a  maximum.  The  H I  optical  depth  peaks 
at  0.17,  given  the  model  parameters.  Also,  the  contours  at  the  edges  of  the  shell  show  a 
steep  rise  in  Tb  with  longitude,  whereas  the  other  portions  of  the  shell  do  not. 

Observing  limb  brightening  is  a  necessary  condition  for  identifying  an  optically  thin, 
expanding  shell  in  the  H I  (^,  v)  diagrams.  Moreover,  the  neutral  gas  density  is  expected 
to  decrease  toward  the  center  of  the  shell.  This  is  due  not  only  to  the  expansion  of  the 
material  inside  the  shell  but  also  to  the  degree  of  ionization  as  well.  If  the  gas  interior  to 
the  shell  is  isothermal,  then  this  will  show  up  as  a  decrease  in  Tb.  It  should  be  emphasized 
here  that  all  of  these  conclusions  are  based  on  an  idead  case.  The  contour  levels  in  Figure  2 
were  chosen  to  enhamce  the  effects  of  limb  brightening.  The  clumpy  nature  of  the  RMC  will 
necessitate  modifying  some  of  these  assumptions.  However,  the  gross  properties  described 
above  should  be  observable  in  the  H I  data. 
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Figure  3  shows  an  (£,  u)  diagram  derived  from  the  observed  H I  data  at  6  =  — 2.'’02. 
Apparent  in  this  figure  is  an  oval  shaped  structure  centered  at  (£,v)  s:  (206.‘’27,16.0kms~^). 
The  limb  brightening  predicted  by  the  model  is  apparent  in  this  figure  and  several  other 
similar  images.  This  is  emphasized  in  Figure  4  which  shows  the  model  superimposed 
over  the  Hi  data.  This  leads  us  to  identify  this  structure  as  an  expanding  shell.  From 
examining  (£,v)  diagr2uns  at  other  latitudes,  the  shell  extends  ~  ±4.5kms~^  in  velocity. 
The  maximum  angiilar  size  of  the  shell  from  the  expansion  center  to  its  interior  edge 
is  0.‘’64.  The  thickness  of  the  shell  is  somewhat  more  difficult  to  determine  because  of 
both  the  clumpy  nature  of  the  RMC  and  the  departure  from  spherical  symmetry.  From 
examining  velocity-integrated  maps  such  as  Figures  1  and  5,  the  shell  thickness  ranges 
from  approximately  8'  to  20'.  The  expansion  center  was  determined  to  be  (f,  b,  u)  = 
(206.“266,— 2.‘’083,16.0kms"^).  This  position  is  very  close  to  (within  1.'8,  or  0.8  pc)  the 
Ha  jinimum.  Since  this  is  closer  than  one  Hi  pixel,  the  positions  are  essentially  coincident. 
The  fact  that  these  two  centers  are  coincident  in  position  is  taken  as  a  further  indication 
that  the  structiire  seen  in  the  H I  data  is  a  result  of  the  expansion  of  the  nebula.  Also,  the 
expansion  center  is  3.'3  (1.5  pc)  from  the  cluster  center  (defined  using  the  OB  stars  listed 
in  Cox  et  al.  1990). 

Figure  3  also  shows  that  a  segment  of  the  shell  is  almost  absent  at  higher  velocities 
(206.®2  ^  ^  206.”4,  V  ^  20  kms“^ ).  If  Hi  emission  at  these  velocities  is  from  the  far  edge 
of  the  shell,  then  the  shell  may  have  expanded  beyond  the  periphery  of  the  H I  cloud  and 
‘punched’  a  hole  through  the  back  of  the  cloud.  If  the  expansion  of  the  shell  has  carried 
gas  beyond  the  cloud  boundary,  then  the  radius  of  the  shell  can  be  used  to  determine  the 
depth  of  the  Hi  cloud.  The  distance  from  the  expansion  center  to  the  back  edge  of  the 
cloud  can  be  taken  to  be  somewhat  less  than  the  radius  of  the  shell.  A  shell  radius  of  0.'’64 
corresponds  to  a  linear  size  of  17.9  pc.  Twice  the  radius  is  consistent  with  the  depth  of  the 
cloud  derived  in  §2.2  if  the  mean  density  is  25  cm“®.  The  size  is  dependent  on  the  shell 
being  roughly  spherical. 

An  age  for  the  shell  can  be  estimated  if  the  expansion  velocity  is  assumed  to  be 
constant  over  the  life  of  the  shell.  For  V^xp  =  4.5  kms”*,  the  dynamical  age  of  the  shell 
is  ^  4.0  Myr.  Ogura  &:  Ishida  (1981)  estimate  an  age  of  3  to  5  Myr  for  NGC  2244  from 
fitting  isochrones  to  the  ZAMS  turn-off  point  of  the  brightest  stars.  Thus  the  expansion 
age  is  consistent  with  that  of  the  central  cluster.  The  LSR  velocity  of  the  expansion  center 
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(16.0  ±  0.5  knis~^)  is  essentially  that  of  the  16.7±1.3  kms~^  Hl22a  recombination  line 
velocity  of  the  Hll  region  (Celnik  1985).  Since  the  neutral  and  ionized  gas  share  the  same 
LSR  velocity,  this  gives  further  support  to  the  contention  that  this  feature  is  an  expanding 
shell. 

The  (£,  v)  diagram  also  shows  two  local  minima  in  the  shell  structure  rather  than  a 
single  minimum  as  one  might  expect.  Also  the  shape  of  the  expanding  shell  is  far  from  being 
spherical.  This  is  evident  in  Figure  1,  and  especially  Figure  5,  which  is  the  intensity  map 
integrated  over  the  expansion  velocities  (11.3  to  20.6  kms~*)  derived  from  the  expanding 
shell  model.  The  features  in  the  maps  are  indications  of  the  density  inhomogeneities 
of  the  medium.  Apparent,  too,  in  Figure  5  are  the  two  areas  of  low  coliunn  density, 
located  at  (206f465,— 2.*’083)  and  (206.^065,— 2.**283).  The  relative  minima  in  brightness 
temperature  occur  at  velocities  16.5  and  15.5  kms~^,  respectively.  Thiis  Figures  1  and  5 
show  two  possible  expansion  centers  within  a  larger  H I  shell.  Since  the  OB  stars  associated 
with  NGC  2244  are  spread  over  an  area  a  few  arcminutes  across,  one  would  not  expect 
a  single  expansion  center.  Of  the  OB  stars  listed  by  Cox  et  al.  (1990)  only  HD46223 
[(a,5)i95o  =  (6‘*29®,+4**51');(f,6)  =s  (206.*466,— 2.®045)]  is  near  the  center  of  one  of 
the  minima.  The  other  OB  stars  axe  located  between  the  minima.  Without  knowing  the 
radial  velocity  of  HD46223  it  is  not  certain  that  the  star  is  physically  associated  with  the 
minimum. 


3.  Summary  and  Conclusions 

A  study  of  the  atomic  gas  distribution  in  the  direction  of  the  Rosette  complex  has 
achieved  two  major  results: 

(1)  a  new,  high  resolution  H I  map  showing  the  distribution  of  atomic  gas  in  the  Rosette 

MolecTilar  Complex  and 

(2)  the  measurement  of  the  expansion  of  the  nebula  into  the  surroimding  medium. 
The  total  Hi  mass  mapped  in  an  8.4  square  degree  juea  is  1.5±0.1  x  10® A/©,  for  optically 
thin  emission. 

Can  the  central  stzu:  cluster  provide  sufficient  mechaniced  energy  to  power  the 
observed  expansion?  Stars  with  spectral  types  earlier  than  B2  are  known  to  have  strong 
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stellar  winds  (Castor  et  ai  ,  1975)  which  are  expected  to  impart  momentiim  to  the  medium. 
Cox  et  al.  (1990)  list  four  0  stars  and  nine  other  stars  earlier  than  B2  as  NGC  2244  clxister 
members.  These  spectral  types  are  all  expected  to  have  significant  winds  throughout 
their  lifetimes.  The  energy  from  Lyman  continuum  photons  also  can  be  transferred  to 
the  surrotmding  mediiun  in  the  form  of  mechanical  energy.  Below  we  present  order  of 
magnitude  calculations  for  the  kinetic  energy  and  momentum  contained  in  the  shell  and 
compare  these  to  the  energy  and  momentxun  input  expected  from  the  NGC  2244  cltister 
stars. 

To  determine  the  magnitude  of  energy  needed  to  accelerate  the  shell  we  need  to 
estimate  the  total  (atomic  and  molecular)  mass  of  the  shell.  The  molecular  material 
surrounding  the  central  cluster  is  clearly  defined  in  CO  maps  such  as  that  in  Blitz  & 
Thaddeus  1980.  From  the  Bell  Labs  CO  Survey  of  the  area  (Blitz  &  Stark  1986,  Blitz 
1991),  we  estimated  the  H2  mass  of  the  shell  to  be  5700  Mq  (see  also  Kuchar  et  al.  1993). 
The  same  boundaries  defined  by  the  CO  emission  were  used  to  determine  the  H I  mass  of 
the  shell.  This  amoimts  to  6600  Mq,  with  the  total  mass  in  the  shell  being  approximately 
1.23  X  10^  Mq.  The  Hi  mass  is  probably  \mderestimated  since  the  Hi  shell  may  extend 
beyond  the  boxmdaries  defined  by  the  CO  emission.  From  examining  velocity-integrated 
CO  maps  of  the  region,  the  H2  column  density  is  approximately  20  to  30  %  of  the  Hi 
column  density.  Using  the  upper  limit  of  30%  implies  that  the  total  H  mass  of  the  shell 
could  be  as  much  as  1.9  x  10^  Mq.  For  the  purpose  of  an  order  of  magnitude  cadculation 
this  mass  will  be  used  to  determine  the  maximiim  momentum  and  energy  required  by  the 
expansion. 

The  kinetic  energy  of  the  expansion  is  approximately  3.8  x  10^®  ergs,  where  M  is 
the  total  mass  of  the  shell  listed  with  an  expansion  velocity  of  4.5  kms”^.  Czistor  et  al. 
(1975)  estimate  that  the  total  mechanical  energy  available  from  stellar  winds  of  0  stzurs  is 
of  order  10®°  ergs  over  the  lifetime  of  the  star.  Since  NGC  2244  contains  four  O  staurs,  it 
can  provide  stiflBcient  mechanical  energy  to  power  the  expansion.  We  estimated  the  age  of 
the  cluster  at  approximately  4  Myr  from  dynamical  considerations.  However,  others  have 
estimated  the  cluster’s  age  as  yoimg  as  10*  yrs  (Raimond  1966).  This  would  suggest  that 
at  most  only  4%  of  the  mechanical  energy  available  from  NGC  2244  went  into  accelerating 
the  molecular  gas. 

Momentum  transfer  is  the  mechanism  which  imparts  mechanical  energy  to  an 
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expansion  such  as  this.  For  a  steady  wind  of  velocity  Vm  and  a  stellar  tpm*  loss  of  M 
the  rate  of  momentum  injection  into  the  surrounding  medium  is 


MV^  =  MsVs/ts,  (7) 

where  Ms,Vst  and  ts  are,  respectively,  the  mass,  velocity,  and  dynamical  timescale  of 
the  expanding  shell.  We  estimated  the  djmamical  timescale  as  4  x  10*  yrs.  Thus  the 
momentum  transfer  required  for  the  shell  is  2  x  Mq  kms~^.  Weaver  et  al. 
(1977)  estimated  the  momentum  transfer  from  a  typical  0  star  as  2  x  10"*  Mq  yr~^ 
kms"^(for  M  =  10"* Af©  yr"^  and  Vu)  —  2000 kms"*).  From  this  calculation,  10  O  stars 
would  be  needed  to  supply  the  necessary  momentum.  Although  NGC  2244  has  fo\ir  O 
stars  and  several  B  stars,  it  is  unlikely  that  the  winds  could  supply  all  of  the  required 
momentum. 

Since  radiation  from  the  Lyman  continuum  can  also  impart  energy  to  the  gas,  we 
also  need  to  estimate  the  magnitude  of  the  energy  available  to  accelerate  the  shell.  For 
ionization  limited  Hll  regions,  Lasker  (1967)  csilculated  the  efficiency,  c,  for  transferring 
continuum  energy  to  kinetic  energy.  Although  he  calculates  e  for  stars  as  early  as  05, 
NGC  2244  contmns  an  04  star.  The  efficiencies  tend  to  decrease  for  earlier  spectral  types, 
therefore  an  order  of  magnitude  estimate  would  place  e  between  0.01  and  0.001.  All  of  the 
0  and  B  stars  can  provide  1.23  x  10*  Lq  beyond  the  Lyman  continuum  (Panagia  1973). 
If  the  age  of  the  cluster  is  of  order  1  Myr,  the  total  energy  available  from  the  Lyman 
continuiim  over  this  period  is  1.5  x  10**  ergs.  Thus  the  radiation  from  the  cltister  can  also 
provide  more  than  sufficient  energy  to  pow^  the  expansion. 

The  central  cluster  can  provide  siifficient  energy  to  power  the  flow  through  a 
combination  of  stellar  winds  and  radiation.  The  important  consideration  here  is  the 
efficiency  of  each  pro^c.is.  Stellar  winds  and  radiation  contribute  to  some  degree  to  the 
expansion  process,  since  both  are  present  in  the  complex.  It  is  apparent  from  the  order  of 
magnitude  calculations  above  that  a  very  small  percentage  of  the  energy  budget  is  needed 
to  power  the  observed  expansion  of  the  nebula. 
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TABLE  1 


Observational  Parameters 


Parameter 

Value 

^-Coverage 

miniTWiiTn 

204?866 

maximum 

208.*799 

^Coverage 

maximum 

-1?016 

TniniTwiiTn 

-3?150 

HPBW 

4/0 

Sampling 

4/0 

AV 

0.52  kms"*  channel”* 

ATtma 

0.4  K 

Number  of  Spectra 

1980 

TABLE  2 

Model  Shell  Parameters 

Parameter 

Value 

R, 

48' 

AR 

4' 

V, 

16kms“* 

Vexp 

5kms"* 

T. 

100  K 

To 

0.05 

(Tv 

2kms“* 
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ABSTRACT 

A  catalog  of  kinematic  distances  for  70  Galactic  H II  regions  is  presented.  H I  absorption 
spectra  were  obtained  toward  57  first  quadrant  (30**  <  I  <  60**,  |  6  |;S  Of 5)  Hll  regions. 
Four  of  the  sources  have  two  recombination  lines  listed  at  their  positions  and  thus  the 
distances  could  not  be  fully  determined.  Only  one  spectrum  had  insufficient  signal-to-noise 
to  reliably  detect  Hi  absorption.  Kinematic  distances  were  determined  for  51  Hll  regions. 
Combined  with  our  previous  study,  the  kinematic  distances  were  determined  for  a  total  of 
70  Hll  regions,  45  of  which  for  the  first  time.  The  distribution  of  the  Hll  regions  peaks 
at  a  galactocentric  distance  of  iZ  =  6  kpc.  Many  of  these  sources  are  thus  associated  with 
star  forming  regions  in  the  molecular  ring. 

Subject  Headings'. 

Nebulae:  H II  Regions  —  Interstellar:  matter  —  Radio  Sources:  21  cm  radiation 
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1.  Introduction 


As  part  of  the  Boston  University  -  Arecibo  Galactic  Hi  Survey  (Bania  Kuchar 
1993),  neutral  hydrogen  emission-absorption  experiments  were  conducted  toward  a  sample 
of  19  first  quadrant  Hll  regions  confined  to  the  Galactic  plane  (Kuchar  it  Bania  1990 
hereafter  referred  to  as  Paper  I).  Paper  I  provided  information  about  the  spin  temperature, 
optical  depth,  and  coliunn  density  of  the  absorbing  gas  along  the  line  of  sight  to  these  H II 
regions.  The  absorption  data  also  were  used  to  set  the  kinematic  distances  to  this  sample. 

The  present  paper  extends  this  previous  work  by  establishing  the  kinematic 
distances  to  51  additional  Hll  regions.  The  BU-Arecibo  Survey  was  used  as  the  database 
for  the  absorption  study  and  was  supplemented  by  pointed  observations  of  the  H II  regions. 
The  techniques  \ised  to  detect  reliable  Hi  absorption  are  discussed  in  §2.  These  techniques 
were  adapted  from  Paper  I  and  Payne  et  al.  (1980)  and  are  only  briefiy  discussed  here. 
In  §3  we  present  the  observations  for  the  absorption  studies.  The  practical  application  of 
absorption  studies  to  Galactic  H II  regions  is  reviewed  in  §4.  Finally,  the  methods  used  to 
determine  kinematic  distances  using  Hi  absorption  data  are  discussed  in  §5.  The  distances 
to  all  the  H II  regions  observed  for  the  BU-Arecibo  Survey  are  also  presented  in  this  section. 


2.  Detecting  Hi  Absorption 

In  these  types  of  observations,  cool  Hi  is  detected  as  the  difference  between  a 
spectrum  measured  toward  a  source  of  continuizm  radiation.  Ton,  the  emission  expected 
Toff,  in  that  direction  in  the  absence  of  a  continuum  source.  Typically,  Toff  is  an  average 
of  several  spectra  observed  at  positions  nearby  the  continuum  source.  These  positions  are 
separated  from  the  continuum  source  by  the  half  power  beamwidth  (HPBW)  of  the  antenna 
pattern.  This  separation  is  chosen  in  order  to  minimize  the  effect  that  the  continutim  source 
has  when  determining  Toff,  while  still  sampling  emission  from  nearly  the  same  line  of  sight. 

Mezisuring  both  emission  and  absorption  spectra  toward  a  source  of  continuum 
radiation  can  reveal  the  physical  properties  of  the  absorbing  gas.  This  was  accomplished 
in  Paper  I.  However,  calibration  problems  in  the  intensity  scale  (see  §3)  required  that  the 
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analysis  here  be  modified.  As  a  result,  the  properties  of  the  absorbing  gas  could  not  be 
reliably  determined. 

For  frequency-switched  spectra  with  baselines  removed,  the  observables  (Toff  and 
X»b)  are  related  to  the  optical  depth,  r,  of  the  absorbing  gas  and  the  continuum 
temperature,  Te,  of  the  backgrotmd  source  by: 

AT  s  (Toff  -  To.)  =  Tc(l  -  (D 

This  equation  asstimes  that  the  H I  emission  is  from  a  thin  slab  of  uniform  properties  (e.g. 
density  and  temperature).  Also,  these  quantities  are  all  implied  functions  of  LSR  (local 
standard  of  rest)  velocity  v. 

The  accuracy  in  detecting  21cm  absorption  is  limited  by  the  actual  fiuctuations 
of  the  Hi  brightness  across  the  region  of  interest,  since  these  fiuctuations  will  produce 
uncertainty  in  the  expected  emission  profile.  Following  the  notation  of  Paper  I  and 
modifying  the  discussion  for  the  present  investigation,  the  RMS  differences  of  the  off-source 
spectra  are  defined  as; 

"ArCo)  =  (I  ^  (2a) 

^  i«l  ^ 

where  N  is  the  number  of  off-source  spectra  and  the  i  subscripts  denote  the  nearest  neighbor 
off-source  spectnun.  Thus  equation  (2a)  measures  emission  fluctuations  over  beam-sized 
angular  scales.  For  a  positive  detection,  it  is  required  that  AT  > 

Because  receiver  noise  can  also  behave  like  emission  fiuctuations,  a  lower  limit  is 
placed  on  at  all  velocities  other  than  its  value  derived  from  equation  (2a).  Noise 
levels  in  the  baselines  of  the  spectra  are  used  as  estimates  of  these  fluctuations.  Any 
value  of  a^p  derived  from  equation  (2a)  which  is  smaller  than  these  baseline  fluctuations 
cannot  be  considered  a  reliable  estimate  of  the  RMS  fluctuations.  Therefore  a  lower  limit 
to  <T^p  is  based  on  measurements  of  the  mean  and  standard  deviation  of  both  a^p  and 
AT,  evaluated  in  the  ba&eanes.  Modifying  the  Paper  I  discussion  here,  we  require  that  the 
lower  limit  of  a^p  be  the  larger  of  either  (t)  the  sum  of  the  mean  value  of  <T^p  and  twice 
its  standard  deviation  evaluated  in  the  baselines  or  (ii)  five  times  the  standard  deviation 
of  the  AT,  also  evaluated  in  the  baselines.  The  resulting  reliability  limit  <r\p  at  each 
velocity  channel  is  defined  to  be: 

=  max[<T^j(u),  <  <7^p  >  +2<t{<t^p),  5<r(AT)].  (2b) 
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This  reliability  limit  is  then  a  measure  of  fluctuations  due  to  both  spatial  variations  in  H I 
emission  and  receiver  noise. 


3.  Observations 

The  Hll  regions  for  this  investigation  were  chosen  from  the  Lockman  (1989) 
recombination  line  s\irvey.  The  sample  was  limited  to  76  Hll  regions  contained  within 
the  boimdaries  of  the  BU-Aredbo  Survey  (Bania  &  Kuchar  1993,  hereafter  referred  to  as 
the  Stirvey):  30*  <  £  <  60*  and  |  b  |;$  0?5.  Pointed,  high  signal-to-noise  spectra  for  53 
sources  were  obtained  in  1990  July  (Epoch  8  of  the  Survey)  at  the  Arecibo  Observatory^. 


^Aredbo  Observatory  is  part  of  the  National  Astronomy  and  Ionosphere  Center  (NAIC) 
which  is  operated  by  Cornell  University  under  contract  with  the  National  Science 
Foundation. 


These  pointed  observations  are  used  as  the  on-source  spectra.  The  (f ,  b,  v)  of  H II  regions 
observed  within  the  Survey  perimeter  (including  the  19  of  Paper  I)  are  given  in  Table  1. 
The  other  entries  in  the  table  will  be  discussed  below.  All  spectra  were  observed  with  the 
21cm  ‘flat’  feed  (HPBW  =  4')  in  frequency-switched  mode  with  the  reference  frequency 
shifted  2.5  MHz  from  the  H I  line.  The  observations  used  the  1024  channel  autocorrelator 
which  provided  a  velocity  resolution  of  0.52  kms”^  per  channel.  However,  these  spectra 
could  not  be  calibrated  absolutely  (see  discussion  below)  and  therefore  were  only  useful 
for  the  determination  of  kinematic  distances. 

The  Survey  itself  was  used  as  the  database  for  the  off-source  spectra.  The  first 
quadrant  was  sampled  at  2^  for  f  ;$  39*  and  at  4'  above  that.  Therefore  the  Survey  can 
provide  a  sufficient  number  of  off-sotirce  spectra  for  all  of  the  53  pointed  observations. 
The  Survey  spectra  have  the  same  velocity  resolution  as  do  the  pointed  observations  and 
individual  spectra  have  typical  RMS  sensitivities  of  0.5  K  (in  brightness  temperature  units). 
The  criteria  for  choosing  the  off-source  spectra  are  outlined  in  §4.  Thus  the  number  of 


317 


Survey  spectra  contributing  to  Toir  ranged  from  a  maximum  of  eight  to  as  few  as  three.  This 
produced  RMS  noise  fluctuations  (ATras)  in  Tog  ranging  from  0.30  to  0.17  K.  Integration 
times  for  the  pointed  spectra  ranged  from  five  to  10  minutes  providing  AT(b»  from  0.20 
to  0.15  K  (after  being  rescaled,  as  discussed  below). 

For  the  1990  July  observations,  the  local  oscillator  (LO)  was  randomly  out  of 
frequency  lock  because  of  an  intermittent  chip  that  controlled  the  frequency  in  the  LO 
synthesizer.  Such  a  problem  could  affect  (t)  the  system  temperature  calculation,  thus 
corrupting  the  intensity  scale,  and  (tt)  the  frequency  scale,  hence  corrupting  the  velocity 
scale. 

The  first  problem  caused  the  system  temperature  to  vary  dramatically  (ATty,  ^ 
a  few  X  100  K).  This  resulted  in  large  antenna  temperatiires  that  were  as  often  negative 
as  positive.  To  circumvent  this  problem,  10  one-minute  spectra  were  taken  toward  each 
sotirce.  Spectra  that  were  obviously  affected  by  the  LO  fluctuations  or  had  inconsistent 
system  temperatures  were  discarded.  (Inconsistent  here  refers  to  observations  that  did 
not  follow  the  typical  changes  of  T«y«  with  zenith  angle.)  The  remaining  spectra  for  an 
individual  source  had  a  linear  baseline  removed,  were  gain  corrected,  and  then  averaged 
together. 

To  determine  if  the  LO  problem  caused  any  subtle  variations  in  the  calibration, 
the  averaged  spectra  were  compared  to  the  Survey  spectra  corresponding  to  the  position 
nearest  the  Hll  region.  The  velocity  integrated  intensities  and  system  temperatures  for 
the  pointed  and  Survey  data  were  compared.  The  system  temperatxires  were  corrected  for 
variations  in  zenith  angle  by  subtracting  the  Survey  empirical  system  temperature  curve 
from  the  observed  system  temperatures  of  both  data  sets.  The  result  is  an  estimate  of  the 
continuum  temperature,  Tc.  Since  the  sxirvey  data  in  general  are  not  positioned  directly 
toward  the  H 11  regions,  their  continuum  temperatures  are  expected  to  be  lower  than  those 
of  the  pointed  observations.  Also  the  velocity  integrated  intensity  is  expected  to  be  larger 
for  the  Survey  data,  since  they  do  not  experience  the  same  degree  of  absorption  as  the 
pointed  data. 

These  comparisons  showed  that  the  pointed  data  had  consistently  lower  continuum 
temperatures,  by  20%,  than  the  Survey  data.  However  the  integrated  intensities  for  the 
pointed  spectra  were  on  average  2%  larger  than  the  Siirvey  data.  This  is  the  opposite  of 
what  was  expected.  This  same  comparison  was  made  between  the  Paper  I  observations 
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and  the  Survey  data,  since  these  data  did  not  experience  these  LO  fluctuations.  The  Paper 
I  data  comparisons  were  consistent  with  the  expectations:  the  pointed  observations  had 
larger  7^  and  the  integrated  intensities  were  smaller  by  ^  5%. 

Systematic  comparisons  were  made  between  the  pointed  and  Survey  data  to 
determine  if  the  pointed  data  could  be  re-calibrated.  The  system  temperatures  and 
integrated  intensities  for  both  data  sets  were  compared.  These  comparisons  were  made  by 
taking  into  account  the  angular  distance  between  the  pointed  spectra  and  the  corresponding 
Survey  spectra,  since  the  farther  a  spectrum  is  observed  from  the  source  of  continutim 
radiation  the  lower  the  value  of  Te.  However,  no  systematic  trend  was  discovered  in  the 
data.  It  was  concluded  that  any  LO  fluctuations  that  affected  the  pointed  data  were  purely 
random.  As  a  result,  only  a  simple  correction  was  made.  The  anteima  temperatures  of 
the  pointed  data  were  scaled  to  the  ratio  of  velocity  integrated  intensities  of  the  pointed 
data  and  the  corresponding  Survey  data.  This  asstired  that  the  pointed  data  had  at  least 
the  same  column  density  (for  optically  thin  emission)  as  the  Survey  data. 

The  accuracy  of  the  velocity  scale  was  checked  by  also  comparing  the  pointed  data 
with  the  nearest  Smvey  observation.  The  two  spectra  were  plotted  together  to  see  if  there 
were  any  obvious  velocity  shifts.  No  such  shifts  were  obvious  to  the  eye. 

A  more  quantitative  analysis  was  done  by  taking  the  difference  of  these  two  spectra, 
averaging  it  over  all  velocity  channels,  and  comparing  how  the  mean  and  its  RMS  scatter 
vary  when  the  velocity  channels  are  shifted.  The  velocity  scale  of  the  pointed  data  was 
shifted  by  several  velocity  channels  flrst  and  then  subtracted  from  the  Survey  data.  The 
average  of  this  difference  spectnim  over  all  velocity  channels  is  comparable  to  the  difference 
of  the  velocity  integrated  intensities  of  both  spectra  and  as  such  does  not  vary  with  the 
velocity  chaimel  shifts.  The  RMS  of  the  mean,  however,  indicates  how  well  the  shapes, 
channel  for  channel,  of  the  two  spectra  match. 

The  Paper  I  pointed  data  were  compared  to  the  Survey  data  as  a  check  of  this 
procedure.  In  each  case,  the  RMS  scatter  was  at  a  mmimwTn  for  no  velocity  shift  and 
increased  when  the  pointed  data  were  shifted  to  positive  and  negative  velocities.  This 
same  comparison  was  made  with  the  1990  July  data.  With  exception  of  four  spectra,  all 
of  these  data  reqtiired  no  velocity  shift.  One  spectrum,  G59.84-0.2,  showed  a  minimtim 
in  the  RMS  scatter  over  two  velocity  channels,  corresponding  to  a  zero  and  one  channel 
shift.  The  four  remaining  spectra,  G39.2— 0.1,  G41.2+0.4,  G48.6+0.2,  and  G49.4-0.3, 
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showed  minimii  in  the  RMS  for  a  shift  of  just  one  velocity  channel.  These  five  spectra  have 
velocity  scales  acctirate  to  within  in  one  velocity  channel,  whereas  the  majcnity  appear  to 
have  been  uncorrupted  by  the  LO  problem. 

Without  a  more  accurate  method  to  calibrate  the  pointed  observations,  the 
derivation  of  the  physical  parameters  of  the  absorbing  gas  were  considered  uxireliable. 
However,  the  data  are  still  useful  inasmuch  that  they  can  be  used  to  resolve  the  distance 
ambiguity  for  those  H II  regions  (see  §5),  since  frequency  scale  (and  hence  the  absorption 
velocities)  is  acciurate. 


4.  Ansdysis 

There  are  several  practical  considerations  in  applying  these  techniques  to  Galactic 
Hll  regions.  The  foremost  of  these  are:  (t)  the  continutim  emission  is  extended  for  Hll 
regions  rather  than  point-like;  (tt)  21cm  emission  can  emanate  from  behind  the  continuum 
source  at  Galactic  LSR  velocities  which  contribute  to  emission  fiuctuations;  and  (m)  the 
line  of  sight  pathlengths  traverse  the  Galactic  plane  and  thus  several  H I  clouds.  Each  of 
these  must  be  taken  into  account  not  only  when  applying  the  experimental  technique  but 
also  when  interpreting  the  results. 

A  cursory  examination  of  Galactic  H II  regions  on  a  continu^lm  map  (e.g.  Altenhoff 
et  al.  1979,  Reich  et  al.  1990)  will  reveal  that  many  of  the  H II  regions  are  extended  sources 
which  may  be  located  in  confused  areas  (i.e.  nearby  other  continuum  sources).  The  Survey 
mapping  procedures  take  spectra  at  regularly  spaced  intervab  without  regard  to  the  size 
of  the  continuum  source.  Therefore  the  spectra  that  are  used  to  calculate  Toft  may  overlap 
the  continuum  soiirce  and  thus  show  some  absorption.  Since  Ton  is  intended  to  represent 
the  emission  in  the  absence  of  a  continuum  source,  care  needs  to  be  applied  when  choosing 
the  spectra  for  Toff.  For  the  Hll  regions  that  appear  larger  than  the  beamwidth  of  the 
telescope  (4'),  it  is  necessary  to  eliminate  those  spectra  from  Toff.  Also,  if  the  off-source 
spectra  are  observed  nearby  other  strong  continuum  sovirces,  then  these  too  may  have  to  be 
excluded.  All  of  these  spectra  may  show  absorption  against  the  continuum  and  can  mimic 
emission  fiuctuations.  This  affects  the  vsdue  of  ^'^^(u)  and  the  reliability  of  detected 
absorption. 
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Since  these  observations  were  made  in  the  Galactic  plane,  there  is  necessarily  21  cm 
emission  behind  the  source,  some  of  which  may  be  at  the  same  LSR  velocity  as  the  H II 
region.  This  is  not  a  problem  if  the  continuum  source  is  at  or  beyond  the  tangent  point 
distance  (see  discussion  in  §5)  or  in  the  outer  Galaxy.  If  this  is  not  the  case,  background 
exnission  can  complicate  the  interpretation  of  Hi  absorption  in  two  ways.  If  the  foreground 
H I  clouds  are  cooler  than  those  producing  the  background  emission,  then  they  can  be  seen 
in  absorption  agzunst  this  emission  (self-absorption)  as  well  as  against  the  Hll  region 
continuum.  Thus  some  of  the  self- absorption  featxires  could  be  wrongly  attributed  to 
continuum  absorption. 

Secondly,  background  emission  can  contribute  to  the  overall  emission  measured  by 
Toff.  Since  the  foregroimd  clouds  are  the  only  clouds  attenuating  the  continuum  source, 
it  is  only  their  emission  that  is  of  interest.  The  Hll  regions  in  this  sample  are  confined 
to  0.*5  of  the  plane  in  the  first  quadrant.  Thus,  the  lines  of  sight  practicsilly  cross  the 
entire  Galactic  disk  within  the  solar  circle  and,  as  a  result,  cross  several  Hi  clouds.  If 
the  background  clouds  are  at  the  same  Galactic  velocities  as  the  foreground  clouds,  then 
the  background  emission  will  contribute  to  an  overestimate  of  Toff.  Also,  since  Toff  is  an 
average  of  several  spectra  observed  around  the  continuum  source,  some  lines  of  sight  will 
cross  some  clouds  whereas  other  lines  of  sight  will  not.  This  tends  to  increase  the  measured 
emission.  Toff,  as  well  as  the  fluctuations,  cr'^^x-  These  fluctuations  aie  typically  about  5  K 
(Payne  et  al.  1982).  The  increased  backgroimd  fluctuations  produced  by  these  effects  will 
complicate  the  analysis  of  21cm  absorption.  Some  artificial  features  might  be  produced 
while  some  real  absorption  might  be  masked.  The  criteria  for  detecting  absorption  was 
set  to  minimize  the  number  of  artificial  detections.  A  consequence  of  this  may  be  to  miss 
some  real  absorbing  clouds.  In  these  cases  the  kinematic  distance  estimates  to  these  H II 
regions  may  be  unreliable. 


5.  Discussion:  Kinematic  Distances 

Table  1  lists  the  76  Hll  regions  (57  pointed  -I-  19  of  Paper  I),  their  Galactic 
coordinates  and  recombination  line  velocities  from  Lockman  (1989,  columns  2-4),  Hi 
absorption  velocity  associated  with  the  Hll  region  (column  5),  the  kinematic  distances 
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based  on  the  absorption  data  (column  6),  and  the  resolution  of  the  distance  ambiguity 
(Near,  Far,  or  Tangent  point  distances,  column  7).  The  distances  are  based  on  the 
Clemens  (1985)  rotation  curve.  The  kinematic  distances  of  some  of  the  Hll  regions  were 
indetorminate  based  solely  on  Hi  absorption  data.  These  sources  are  denoted  by  I  in 
column  (7)  and  are  discussed  below.  Some  of  the  HU  regions  are  within  the  boundaries 
of  the  Westerhout  (1958)  catalog.  These  are  denoted  as  such  in  column  (8).  This  column 
also  indicates  if  the  distance  ambiguity  of  the  Hll  region  had  been  previously  resolved. 
These  determinations  were  taken  from  a  compilation  by  Wilson  (1980),  which  contains  a 
comprehensive  list  of  first  quadrant  Hll  regions.  There  are  some  discrepancies  between 
Wilson's  list  and  the  distances  in  column  (6).  These  will  be  discussed  below. 

The  two- fold  distance  ambiguity  for  Hll  regions  can  be  resolved  if  Hi  is  seen  in 
absorption  against  the  broad  band  thermal  continuxim  of  the  H II  region.  The  distance  is 
then  determined  by  observing  the  maximum  velocity  of  the  absorbing  gas.  If  the  H II  region 
is  at  the  near  distance,  then  any  H I  gas  beyond  the  H II  region,  some  of  which  is  likely  to 
be  at  higher  radial  velocities,  cazmot  absorb  against  the  thermal  continuum.  Therefore  an 
Hi  absorption  spectrum  will  show  absorption  only  up  to  the  velocity  of  the  Hll  region.  If 
the  Hu  region  is  located  at  or  beyond  the  tangent  point  distance,  then  it  is  possible  to  see 
Hi  absorption  beyond  the  velocity  of  the  Hu  region  and  up  to  the  tangent  point  velocity. 

Figures  1,  2,  and  3  show  examples  of  Hll  regions  identified  at  the  tangent  point  and 
near  and  far  kinematic  distances,  respectively.  In  each  figure,  Ton,  Toff,  AT  and 
are  shown.  Both  the  tangent  point  and  recombination  line  velocities  are  flagged  in  each 
figure.  For  each  case,  note  the  relative  positions  of  these  two  velocities  and  the  maximum 
velocity  at  which  H I  absorption  is  reliably  detected.  These  relative  velocities  are  the  basis 
for  kinematic  distances  determination. 

Two  assmnptions  are  implicit  in  this  method  of  distance  determination:  (i)  the  Hi 
is  not  seen  in  self-absorption  and  (i)  there  are  no  streaming  motions  associated  with  the 
rotation  curve.  For  some  of  the  sources  placed  at  the  far  kinematic  distance,  the  cool, 
foregrotmd  Hi  could  be  absorbing  warmer  background  Hi  emission.  In  these  cases,  it 
is  possible  that  the  absorption  seen  beyond  the  Hll  region  velocity  may  actually  be  Hi 
self-absorption  and  not  continuum  absorption.  The  distance  ambiguity  thus  remains. 

The  kinematic  distances  listed  in  Table  1  are  again  based  up  the  Clemens  (1985) 
rotation  curve.  (Paper  I  distances  were  based  on  the  Burton  &  Gordon  1978  curve.)  If 


streaming  and  other  non-circiilar  motions  are  takm  into  account  when  determining  the 
Galactic  rotation  curve,  then  the  line  of  sight  can  cross  several  Hi  clouds  that  have  the 
same  radial  velocity  as  the  Hll  region  (see  e.g.  Anantharamaiah  et  al.  1984).  This 
complicates  the  procedure  for  determining  distances  using  Hi  absorption  (or  any  other 
absorbing  tracer),  since  there  are  several  distances  along  the  line  of  sight  that  might 
be  associated  with  these  clouds  and  hence  the  Hll  region.  However  if  the  Hi  gas  is 
not  self-absorbed  and  circular  rotation  is  asstimed,  then  the  kinematic  distances  are,  on 
average,  accurate  to  ~  20%. 

In  the  analysis  of  the  H I  absorption  features,  we  aissume  that  neutral  hydrogen  is 
physically  associated  with  the  H II  region,  since  dense  H I  clouds  are  often  associated  with 
Hu  regions  (Greisen  and  Lockman  1978).  The  neutral  hydrogen  located  just  beyond  the 
ionization  front  of  the  Hll  can  absorb  against  the  thermal  continuiim  of  the  Hll  region. 
We  expect  to  see  Hi  absorption  at  or  near  the  velocity  of  the  Hll  region  recombination 
line.  There  will  likely  be  some  velocity  difference  between  the  ionized  and  neutral  gas  due 
to  the  relative  velocity  of  the  ionization  front  with  respect  to  the  ambient  gas.  Therefore 
when  considering  H I  absorption  velocities  associated  with  the  H II  region,  we  focus  on  a 
velocity  range  ('^  ±  10  kms“*)  about  the  radio  recombination  line  velocity. 

Of  the  76  Hll  regions  in  Table  1,  70  (92%)  have  detectable  Hi  absorption  within 
~  10kms“^  of  the  Hll  region  velocity.  One  source  had  no  reliably  detected  absorption 
at  all  and  the  remainder  had  no  reliably  detected  Hi  aborption  within  20  kms~*. 
The  Hi  absorption  velocities  (column  5  of  Table  1)  are  compared  to  the  recombination 
line  velocities  in  Figure  4,  in  which  a  histogram  of  the  velocity  differences  is  shown. 
The  histogram  peaks  at  0.6kms“^  For  a  random  orientation  of  Hll  region  streaming 
velocities  with  respect  to  the  Hi  cloud,  the  distribution  would  be  expected  to  pesJc  at 
Okmr”^  However  the  peak  is  just  slightly  more  than  one  velocity  channel  (0.52  km  s~^) 
away  from  zero  velocity.  Thus  the  difference  is  not  too  significant.  Also,  the  dispersion  of 
the  histogram  is  4.2  kms~^.  This  value  is  close  to  the  one  dimensional  velocity  dispersion 
of  5kms"^  which  is  often  quoted  for  Hi  clouds  (Crovisier  1978). 

Five  of  the  H II  regions  listed  in  Table  1  have  no  associated  H I  absorption  within 
±20kms“^  of  the  recombination  line  velocity,  A  typical  example  is  illustrated  in  Figure  5. 
Since  absorption  was  detected  beyond  this  limit,  it  was  still  possible  to  assign  kinematic 
distances  to  these  Hll  regions.  In  these  cases,  it  is  possible  that  the  Hi  associated  with 
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these  H II  regions  is  behind  the  continuum  soiir<».  Thus  there  would  be  no  i^predable  H I 
in  front  of  the  Hll  region  nor  Hi  absorption  at  or  near  the  recombination  line  velocity. 
Each  of  these  H II  regions  show  a  significantly  detected  ‘negative’  absorption  feature,  i.e. 
AT  <  0,  at  or  near  the  recombination  line  velocity.  Since  this  emission  t^pears  only  in 
the  on-sovirce  spectrum,  it  may  well  be  the  signature  of  H I  lying  behind  the  H II  region. 

Only  one  Hll  region,  G34.9— 0.0,  did  not  show  any  absorption  above  the  reliability 
limit.  The  uncertainty  in  the  absorption  was  a  result  of  the  H II  region  being  located  near 
a  strong  continuum  source.  The  Survey  spectra  which  contributed  to  the  calculation  of 
Toff  showed  large  emission  fluctuations,  which  in  turn  contributed  to  a  large 
the  kinematic  distance  to  G34.9— 0.0  remained  indeterminate. 

Several  of  the  Hll  regions  have  recombination  line  velocities  which  exceeded  the 
tangent  point  velocity  for  that  longitude.  The  H I  absorption  features  associated  with  these 
Hll  regions  also  have  velocities  which  exceeded  the  tangent  p>oint  velocity.  The  distances 
to  these  Hll  regions  is  very  uncertain,  since  the  non-circular  motions  may  preclude  them 
from  having  identifiable  kinematic  distances.  By  default,  they  were  assigned  to  the  tangent 
point  distance.  Although  a  few  of  these  Hll  regions  are  at  lower  longitudes,  most  are  in 
the  49®  to  50®  longitude  range.  The  positions  and  velocities  (V^  60  km  s~^)  of  these  Hll 
regions  place  them  within  the  W51  complex.  This  is  noted  in  column  8  of  Table  1.  Since 
these  H II  regions  are  within  the  same  complex,  they  probably  share  the  same  distance  as 
W51  even  though  they  may  not  be  physically  at  the  tangent  point  distance. 

Four  of  the  Hll  regions  in  Table  1  (G30.5+0.0,  G30.9+0.1,  G31.1-I-0.1,  and 
G30.2— 0.1b)  have  two  recombination  lines  observed  at  each  of  their  positions.  In  each  case, 
one  of  the  recombination  lines  is  at  a  low  LSR  velocity  (V<  50  kms”*)  while  the  second 
is  at  V  100  kms~^.  The  tangent  point  velocities  for  these  longitudes  are  approximately 
100  km  s~^ ,  too.  Thus  the  H II  regions  at  the  higher  velocity  which  show  H I  absorption  at 
100  km s~^(G30. 9+0.1,  G31. 1+0.1,  and  G30.2— 0.1b)  were  assigned  to  the  tangent  point 
distance.  The  kinematic  distances  for  the  lower  velocity  H II  regions  depend  on  whether 
these  H II  regions  are  responsible  for  absorption  beyond  their  respective  recombination  line 
velocities.  In  all  of  the  above  cases,  absorption  is  seen  for  V  >  50  kms“^  However,  it 
is  unknown  if  this  absorption  is  due  solely  to  the  H II  region  at  the  higher  velocity  or  to 
both  sources.  The  special  circtimstances  here  make  the  distances  to  the  H II  regions  at  the 
lower  velocities  indeterminate,  since  they  can  be  at  the  near  or  far  kinematic  distances. 
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One  of  the  distance  discrepancies  between  Wilson’s  (1980)  list  and  Table  1  involves 
the  source  G30.5+0.0.  This  position  shows  absorption  at  92kins~\  which  we  associate 
with  the  higher  velocity  H II  region.  However,  there  is  absorption  beyond  this  velocity  at 
106knis~^,  which  is  just  beyond  the  tangent  point  velocity.  This  complicates  the  situation, 
since  the  absorption  beyond  92  km  s~^  indicates  that  one  or  both  of  the  Hll  regions  may 
be  at  the  fsur  kinematic  distance.  The  distances  for  both  entries  at  this  position  in  Table 
1  are  thus  listed  as  indeterminate.  Wilson’s  list  of  Hll  regions  is  compiled  in  part  from 
the  Downes  et  al.  (1980)  HI  10a  survey.  Downes  et  al.  list  only  one  recombination  line 
velocity  for  this  position,  the  lower  velocity  (V  =  50.0  km  s"^).  As  a  result,  Downes  et  al. 
have  assigned  the  far  kinematic  distance  to  the  Hll  region  based  on  H^CO  absorption  data. 
Given  the  above  circumstances,  the  H I  absorption  data  cannot  support  the  far  kinematic 
distance. 

There  are  three  other  H II  regions  in  Table  1  which  have  distances  inconsistent  with 
Wilson’s  list.  These  are  G35.6— 0.0,  G49.4— 0.3,  and  G49.4— 0.2.  The  latter  two  sources  are 
within  the  boundaries  of  the  W51  complex.  The  H I  absorption  spectra  for  both  H II  regions 
clearly  show  absorption  beyond  the  recombination  line  velocity,  hence  indicating  the  far 
kinematic  distance.  Of  the  eight  sources  in  Table  1  that  fall  within  the  W51  boundary, 
these  are  the  only  two  at  the  far  kinematic  distance.  The  remainder  were  placed  at  the 
tangent  point.  As  was  noted  above,  all  eight  of  these  Hll  regions  may  be  at  a  common 
distance  if  they  are  physically  associated  with  each  other.  Most  of  the  W51  sources  have 
velocities  that  depart  from  pxire  circular  rotation  and  therefore  were  placed  at  the  tangent 
point  distance.  However,  G49.4— 0.3  and  G49.4— 0.2  have  velocities  that  are  allowable  for 
a  purely  circular  rotation  curve  and  thus  were  placed  at  the  far  kinematic  distsmce.  The 
entire  complex  may  be  at  the  far  or  tangent  point  distance,  a  difference  in  distance  of  ~2 
kpc.  Whether  zdl  of  these  H II  regions  are  indeed  at  a  common  distance  cannot  be  resolved 
here,  since  the  distances  listed  in  Table  1  are  based  only  on  H I  absorption  data  and  thus 
determined  independently.  Therefore  sources  which  may  be  in  the  s^lme  complex  may  not 
have  the  same  kinematic  distance  as  listed  in  the  table. 

The  final  discrepzmcy  involves  G35.6— 0.0,  which  Wilson  lists  at  the  near  distance. 
The  H I  absorption  data  shows  several  features  at  velocities  beyond  the  recombination  line. 
These  features  extend  up  to  the  tangent  point  velocity,  thereby  placing  this  H II  region  at 
the  far  kinematic  distance.  Downes  et  al.  determined  that  this  Hll  region  was  at  the 
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near  kinematic  distance,  since  no  HjCO  absorption  was  detected  beyond  V  s  53kms~^ 
However,  the  H I  data  contradicts  this  result,  since  absorption  is  clearly  seen  beyond  the 
recombination  line  velocity. 

Some  of  these  contradictions  with  the  Downes  et  al.  distances  can  be  understood 
if  the  clxunpy  nature  of  H2CO  is  taken  into  consideration.  Formaldehyde  is  collisionally 
excited  into  emission  when  densities  in  molecular  clouds  exceed  10^  cm~^ .  If  such  densities 
do  not  exist  along  the  entire  line  of  sight,  then  distances  based  on  H2CO  data  can  be 
misleading.  The  ubiquitous  nature  of  Hi  allows  the  detection  of  absorption  along  the 
entire  line  of  sight.  Thus  distances  based  on  H I  absorption  data  can  be  considered  more 
reliable. 


6.  Summary 

The  positions  of  the  H II  regions  relative  to  the  Galactic  center  are  shown  in  Figure* 
6.  Here,  a  face-on  view  of  the  Galaxy  is  presented  with  fiducial  symbols  to  mark  the 
positions  of  the  Sun,  Galactic  center,  and  Galactic  longitudes.  The  distance  of  the  Sun 
from  the  Galactic  center  is  taken  as  8.5  kpc.  Although  H II  regions  axe  expected  to  trace 
spiral  structiure,  this  is  not  quite  apparent  in  the  figure.  The  limited  longitude  coverage  of 
the  Survey  may  preclude  the  mapping  of  a  complete  spiral  arm  and  so  only  arm  segments 
may  be  visible.  However,  the  distribution  does  seem  to  peak  in  a  ring  centered  at  a 
galactocentric  radius  of  6  kpc.  This  structure  appears  to  mark  the  outer  botmdary  of  the 
molecular  ring. 

If  the  absorption  observed  here  is  solely  due  to  cold  gas  attenuating  the  thermal 
continuum,  these  data  can  provide  kinematic  distance  estimates  for  the  Hll  regions.  We 
established  kinematic  distances  to  19  Hll  regions  in  Paper  I  and  extended  this  list  for 
51  additional  H II  regions.  Although  a  few  of  the  distances  to  these  H II  regions  remain 
ambiguous,  kinematic  distances  were  determined  for  a  totzd  of  70  H II  regions,  45  of  which 
were  determined  for  the  first  time. 


TABLE  1 


Kinematic  Distances  of  Hii  Regions 


Source 

(1) 

e 

(deg) 

(2) 

b 

(deg) 

(3) 

Vhu 

(kms"^) 

(4) 

Vab. 

(kms"^) 

(5) 

d 

(kpc) 

(6) 

(7) 

Note** 

(8) 

1  G30.5+0.0 

30.539 

0.024 

46.1 

49.5 

— 

I 

F 

2 

95.2 

91.2 

— 

I 

W43 

3  G30.6-0.1 

30.602 

-0.106 

102.5 

104.6 

7.3 

T 

T,W43 

4  G30.8-0.0 

30.776 

-0.029 

91.6 

94.3 

5.7 

N 

N,W43 

5  G30.8-0.2 

30.832 

-0.186 

100.9 

96.9 

7.3 

T 

W43 

6  G30.9+0.1 

30.854 

0.134 

38.1 

37.6 

— 

I 

7 

100.0 

102.5 

7.3 

T 

W43 

8  G31.0+0.1 

30.950 

0.078 

102.0 

95.3 

6.6 

N 

W43 

9  G31,0-0.0 

30.999 

-0.038 

101.2 

105.1 

8.0 

F 

W43 

10  G31.1+0.1 

31.054 

0.079 

24.1 

22.7 

— 

I 

11 

99.1 

103.1 

7.3 

T 

W43 

12  G31.2-0.1(a) 

31.165 

-0.127 

41.4 

41.2 

12.0 

F 

13  G31.2-0.1(b) 

31.239 

-0.108 

29.9 

39.2 

— 

I 

14 

98.0 

105.1 

7.3 

T 

15  G31.3+0.1 

31.275 

0.056 

104.7 

108.7 

7.3 

T 

16  G31.6-H0.1 

31.580 

0.101 

99.9 

95.8 

6.5 

N 

17  G32.2+0.1 

32.151 

0.133 

96.7 

88.6 

8.2 

F 

18  G32.8+0.2 

32.797 

0.192 

15.0 

11.8 

13.4 

F 

F 

19  G33.1-0.1 

33.129 

-0.094 

93.8 

101.0 

7.1 

T 

20  G33.2-0.0 

33.194 

-0.010 

100.9 

95.3 

7.1 

T 

21  G33.4-0.0 

33.418 

-0.004 

76.5 

— 

9.5 

F 

22  G33.9+0.1* 

33.914 

0.111 

101.4 

106.7 

7.0 

T 

T 

23  G34.2+0.1 

34.254 

0.144 

54.6 

55.1 

3.3 

N 

N 

24  G34.9-0.0 

34.932 

-0.018 

45.6 

— 

— 

I 

25  G35.6+0.1 

35.574 

0.064 

50.5 

52.0 

10.8 

F 

26  G35.6-0.5‘ 

35.588 

-0.489 

56.0 

57.7 

3.4 

N 

*  from  Paper  I 


**  distance  from  Wilson  (1980) 
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TABLE  1 


(coni.) 


Source 

(1) 

t 

(deg) 

(2) 

h 

(deg) 

(3) 

Vhii 

(kms”*) 

(4) 

Vab. 

(fans”*) 

(5) 

d 

(kpc) 

(6) 

(7) 

Note** 

(8) 

27  G35.6-0.0 

35.603 

-0.033 

52.8 

52.0 

10.7 

F 

N 

28  G36.3+0.7‘ 

36.289 

0.734 

76.5 

79.4 

4.8 

N 

29  G36.5-0.2 

36.459 

-0.179 

72.7 

74.2 

9.1 

F 

30  G37.4-0.3‘ 

37.361 

-0.288 

40.3 

34.0 

11.2 

F 

F 

31  G37.4-0.1 

37.370 

-0.067 

53.2 

51.0 

10.4 

F 

32  G37.4-0.0 

37.439 

-0.040 

53.0 

53.6 

10.4 

F 

F 

33  G37.5-0.1* 

37.538 

-0.113 

52.5 

52.5 

10.4 

F 

F 

34  G37.6-0.1 

37.636 

-0.113 

52.3 

49.5 

10.4 

F 

35  G37,7+0,l 

37.671 

0.132 

88.9 

88.6 

6.7 

T 

T 

36  G37.7-0.1 

37.749 

-0.109 

57.8 

— 

10.0 

F 

37  G37.8-0.2 

37.763 

-0.216 

65.3 

63.5 

9.4 

F 

F 

38  G37.9-0.4* 

37.871 

-0.399 

60.8 

63.9 

9.7 

F 

F 

39  G38.1-0.0 

38.051 

-0.042 

58.3 

— 

9.9 

F 

40  G39.2-0.1 

39.252 

-0.056 

22.6 

33.0 

11.9 

F 

41  G41.1-0.2* 

41.096 

-0.213 

59.4 

62.8 

9.1 

F 

42  G41.2+0.4 

41.235 

0.367 

71.3 

69.6 

4.8 

N 

43  G41.5+0.0* 

41.517 

0.033 

17.7 

13.9 

11.6 

F 

44  G42.1-0.6* 

42.108 

-0.623 

66.0 

68.0 

4.3 

N 

45  G42.4-0.3* 

42.431 

-0.264 

62.7 

61.8 

8.5 

F 

46  G42.6-0.1* 

42.568 

-0.143 

67.2 

71.1 

4.5 

N 

47  G43.2+0.0 

43.169 

0.002 

8.9 

5.7 

11.9 

F 

F,W49 

48  G43.9-0.8* 

43.890 

-0.790 

55.0 

54.6 

8.8 

F 

49  G44.3+0.1 

44.264 

0.100 

59.6 

53.1 

3.9 

N 

50  G45.1+0.1 

45.125 

0.136 

57.6 

54.6 

8.3 

F 

F 

51  G45.4+0.1 

45.451 

0.060 

55.9 

56.2 

8.3 

F 

F 

52  G45.5+0.1 

45.475 

0.130 

56.0 

52.0 

8.3 

F 

F 

•  from  Paper  I 


**  distance  from  Wilson  (1980) 
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TABLE  1 
(coni.) 


Source 

(1) 

t 

(deg) 

(2) 

b 

(deg) 

(3) 

Vhu 

(kms”^) 

(4) 

Vab. 

(kms"^) 

(5) 

d 

(kpc) 

(6) 

(7) 

Note** 

(8) 

53  G45.8~0.3* 

45.824 

-0.290 

62.3 

62.9 

7.5 

F 

54G46.5-  2‘ 

46.495 

-0.247 

57.2 

56.6 

3.8 

N 

55  G48.6+0.0 

48.596 

0.042 

17.2 

18.0 

10.3 

F 

F 

56  G48.6+0.2 

48.642 

0.227 

10.6 

8.2 

10.6 

F 

57  G48.9-0.3 

48.930 

-0.286 

66.5 

58.7 

5.6 

T 

T,W51 

58  G49.0-0.3 

48.997 

-0.295 

65.5 

64.4 

5.6 

T 

W51 

59  G49.1-0.3 

49.060 

-0.260 

64.1 

60.8 

5.6 

T 

T,W51 

60  G49. 1-0.4 

49.076 

-0.377 

67.9 

62.4 

5.6 

T 

T,W51 

61  G49.2-0.3* 

49.204 

-0.345 

67.2 

64.4 

5.6 

T 

T,W51 

62  G49.4-0.3 

49.384 

-0.298 

53.7 

51.0 

7.3 

F 

T,W51 

63  G49.4-0.2 

49.407 

-0.193 

48.6 

46.9 

7.8 

F 

T,W51 

64  G49.6-0.4 

49.582 

-0.381 

62.1 

58.2 

5.5 

T 

T,W51 

65  G50.0-0.1 

50.024 

-0.076 

66.8 

69.8 

5.5 

T 

66  G50.2+0.3* 

50.232 

0.326 

71.2 

63.4 

5.4 

T 

67  G51.1+0.2* 

51.060 

0.162 

42.9 

40.2 

7.8 

F 

68  G51. 4-0.0 

51.362 

-0.001 

52.7 

56.2 

4.0 

N 

69  G52.2+0.7* 

52.233 

0.736 

2.8 

2.1 

10.2 

F 

70  G52.8+0.3* 

52.753 

0.335 

16.6 

— 

9.3 

F 

71  G53.2+0.2 

53.184 

0.155 

8.3 

7.2 

9.7 

F 

F 

72  G53.6+0.2 

53.639 

0.235 

38.0 

25.8 

7.5 

F 

73  G54. 1-0.1 

54.092 

-0.066 

42.1 

46.9 

6.9 

F 

74  G57.5-0.3 

57.541 

-0.276 

2.8 

10.0 

9.0 

F 

75  G59.5-0.2 

59.529 

-0.181 

29.4 

31.3 

6.3 

F 

76  G59.8+0.2 

59.796 

0.237 

-2.8 

— 

8.7 

— 

*  from  Paper  I 


**  distance  from  Wilson  (1980) 
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FIGURE  CAPTIONS 


Figure  1:  Hi  spectra  showing  an  Hll  region  identified  at  the  tangent  point  distance.  The 
top  half  of  the  figure  shows  the  on  (Ton,  dotted  line)  and  off  (Toff,  solid  line) 
source  spectra.  The  lower  half  shows  the  absorption  spectrum  (AT,  solid  line), 
along  with  its  reliability  estimate  dotted  line).  The  vertical  lines  fiag 

the  Hll  region  velocity  (solid  line)  and  the  tangent  point  velocity  (broken  line). 

Figure  2:  H I  spectra  showing  an  H II  region  identified  at  the  near  kinematic  distance.  See 
Figure  1  caption  for  a  description. 

Figure  3:  Hi  spectra  showing  an  Hll  region  identified  at  the  far  kinematic  distance.  See 
Figure  1  caption  for  a  description. 

Figure  4:  Distribution  of  velocity  differences  from  Table  1.  The  differences  between  Hll 
region  recombination  line  velocities  (column  4)  and  the  H I  absorption  velocity 
(coltunn  5)  associated  with  the  parent  cloud  of  the  H II  region  are  displayed  in 
histogram  form.  Velocity  bins  are  2kms“^  wide. 

Figure  5;  H I  spectra  showing  an  H II  region  with  no  reliably  detected  absorption  within 
±20kms~*  of  the  recombination  line  velocity.  See  Figure  1  caption  for  a 
description. 

Figure  6:  Distribution  of  Hll  regions  in  the  Galaxy.  This  figure  shows  a  face-on  view 
of  the  Galaxy  as  seen  from  the  north  Galactic  pole.  The  positions  of  the  Hll 
regions  listed  in  Table  1  are  plotted  in  galactocentric  coordinates.  The  axes  are 
labeled  in  kiloparsecs  with  fiducial  symbols  marks  at  the  positions  of  the  Sim  (Q) 
and  Galactic  center  (+)•  Galactic  longitudes  are  indicated  as  well.  The  locus  of 
tsmgent  points  is  shown  as  the  broken,  semicircular  arc. 
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Modulation  of  the  hydroxyl  emission  by  a  monochromatic 
gravity  wave  in  a  realistic  non-isothermal  atmosphere. 


by 

Usama  B.  Makhlouf 
Abstract 

The  effect  of  a  realistic  atmospheric  temperature  profile  and  realistic  atmospheric  photo¬ 
chemistry  on  gravity-wave  -driven  flucmadons  in  the  OH  nightglow  is  studied.  The  steady  state  OH 
vibrational  distribution  is  calculated,  which  includes  the  effect  of  quenching  by  thermalizing  col¬ 
lisions.  A  numerical  model  that  includes  a  full  wave  treatment  for  waves  propagating  in  an  atmo¬ 
sphere  with  realistic  temperature  and  background  wind  profiles  is  developed  to  generate  the  gravity 
waves  that  are  used  to  modulate  the  [OH(v)],  and  hence  the  OH  Meinel  emission.  The  modulations 
in  the  OH  airglow  is  quantified  in  terms  of  the  Krassovsky  ratio  il,  which  will  be  compared  with 
other  theoretical  models  and  some  experimental  results.  Quenching  is  considered  in  this  naodel  and 
it  has  the  effect  of  lowering  11  by  about  20%,  in  addition  to  making  a  vibrational  dependent  quan¬ 
tity.  Inferring  the  temperature  from  airglow  simulations  was  done  in  two  ways  to  mimic  experi¬ 
mental  methods:  a)  using  the  ratio  of  two  rotational  lines  in  a  vibrational  level  to  infer  the 
temperanire  (the  rotational  temperature)  or  b)  using  the  Doppler  width  of  a  single  line  to  infer  the 
temperature  (the  Doppler  temperature).  Calculations  by  both  these  methods  are  compared  with  die 
commonly  used  brightness-weighted  temperature.  For  gravity  waves  with  small  phase  velocity 
(medium-scale  waves)  the  differences  in  calculating  ii  using  these  three  methods  are  about  10%, 
while  for  gravity  waves  with  large  phase  velocity  (large  scale  waves)  the  Ti  calculations  using  the 
ratio  of  two  rotational  lines  agrees  very  well  with  the  one  calculated  using  the  brightness  weighted 
temperanire,  but  the  one  from  the  Doppler  width  can  be  different  by  up  to  50%. 


339 


Acknowledgment 

The  author  would  like  to  thank  the  Air  Force  Office  of  Scientific  Research  and  the  South¬ 
eastern  Center  for  Electrical  Engineering  Education  for  the  suppon  provided  to  him,  and  the  oppor¬ 
tunity  to  do  research  at  Phillips  Laboratory.  Research  sponsored  by  Air  Force  Geophysics 
Laboratory,  United  States  Air  Force,  under  contract  F19628-86-C-0224.  The  United  States  Gov¬ 
ernment  is  authorized  to  reproduce  and  distribute  reprints  for  governmental  purposes  notvathstand- 
ing  any  copyright  notation  hereon. 

Finally,  I  would  like  to  thank  Dr.  R.  Picard  for  sponsoring  me  and  for  his  collaboration  and 
guidance,  and  I  would  like  to  acknowledge  many  helpful  discussions  and  collaboration  with  Dr.  J. 
\\^nick. 


340 


1.  Introduction: 


Many  observations  of  the  hydroxyl  airglow  emissions,  reveal  evidence  of  tenqx)ral  and 
spadal  structures  in  these  emissions  [Krassovsky  (1972),  Peterson  and  Kieffaber  (1973),  Krass¬ 
ovsky  et  al  (1977),  Noxon  ( 1978),  Takahashi  et  al  (1985),  Taylor  et  al  (1987),  \^ereck  and  Deehr 
(1989),Taylor  and  Hill  (1991),  Taylor  et  al  (1991)].  These  structures  have  been  related  to  the  pas¬ 
sage  of  atmospheric  gravity  waves  (AGW’s)  [Hines,  (I960)]  throu^  the  emission  layer.  The 
observations  of  these  structures  in  the  OH  emission  layer  can  be  used  as  a  probe  to  study  the 
AGW’s  and  their  role  in  the  dynamics  of  the  middle  atmosphere. 

The  Krassovsky  ratio  r\,  first  intcoduc^i  by  Krassovsky  (1972),  relates  the  observed  rela¬ 
tive  fluctuations  in  the  airglow  intensity  to  the  relative  fluctuations  in  the  ambient  temperature  aver¬ 
aged  over  the  emission  layer.  Nowadays  t]  is  widely  used  as  a  tool  to  quantify  the  effect  of  the 
AGW  on  the  airglow.  The  t]  ratio  has  attained  wide  usage  because  it  measures  the  response  of  pho- 
tochemically  generated  airglow  to  a  periodic  dynamical  perturbation  such  as  an  AGW  in  a  manner 
independent  of  the  amplitude  of  the  perturbation,  at  least  in  the  regime  where  the  response  is  linear. 
In  addition,  it  has  been  shown  to  reflect  the  airglow  photochemistry  and  dynamics  in  a  very  useful 
manner.  Krassovsky  (1972)  showed  that  t]  was  determined  simply  by  the  order  of  the  rate-limiting 
reaction  and  wrote: 


1  =  ^-4  (1) 

where 

y  specific  heat  ratio 

U  the  temperature  dependence  ’T**,  of  the  rate  of  the  rate-limiting 
reaction,  in  this  case  the  three  body  reaction  for  O3  production. 

When  the  AGW  period  is  much  longer  than  the  photochemical  lifetimes,  the  chemical  pro¬ 
duction  and  loss  rates  are  determined  by  the  instantaneous  species  concentrations,  and  one  would 
expect  Krassovsky’s  expression  fort],  equation  (1),  to  be  approximately  conecL  However,  when 
the  AGW  period  shortens  enough  to  become  comparable  to  the  photochemical  lifetime,  Waltersc- 
heid  et  al  (1987)  have  shown  that  there  is  a  very  important  wave-period-dependent  modification  of 
the  simple  Krassovsky  result,  due  to  coupling  of  the  chemistry  and  dynamics. 
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When  defining  temperanire  f(v  an  inhomogeneous  atmospheric  emission  layer,  modelers 
have  universally  assumed  chat  the  biightness'weighted  temperature  (BWT)  [Vifeinstodc  (1978)]  is 
the  quantity  of  interest.  However,  no  instrument  measures  the  BWT  directly,  and  in  this  paper  I 
compare  t)  ’s  based  on  the  B  WT  to  directly  measurable  temperanire  measures,  namely  the  rotational 
temperature(ROT),  based  on  the  ratio  of  line  intensities  in  a  ro-vibradmial  band,  and  the  Doppler 
temperanire  (DOP),  based  on  the  width  of  a  single  Doppler-broadened  emission  line.  Hnally,  other 
researchers  have  tended  to  use  generic  unperturbed  annospheric  profiles,  including  profiles  for 
reactive  species  such  as  O3. 0,  H.  and  HO2.  instead  of  profiles  tppropriate  to  the  season,  latitude, 
and  time  of  day  of  the  measurements  to  which  they  are  comparing  their  model  results.  An  exception 
is  Hickey  et  al  (1992),  who  have  used  minor-species  profiles  ouqiut  from  the  photochemical- 
dynamical  model  of  Garcia  and  Solomon  (1985)  for  the  month  and  latimde  of  intnest  Since  there 
can  be  a  significant  seasonal/latitudinal  dependence  to  the  unperturbed  OH  Meinel  emission  pro¬ 
file,  as  well  as  a  diurnal  variation,  so  in  these  calculations  I  choose  profiles  for  the  major-species 
in  the  background  atmosphere  from  an  existing  climatological  model  [Summers  and  Anderson 
(1990)1,  then  use  a  diurnal  photochemical  model  to  determine  the  profiles  of  the  reactive  minor 
species.  I  have  adapted  and  updated  a  one-dimensional  (1-D)  diurnal  photochemical  model,  to  gen¬ 
erate  minor  species  profiles.  Figure  (1). 

2.  Vibrational-level  production  and  loss  processes: 

The  minor  species  profiles,  generated  from  the  1-D  diurnal  model,  are  used  as  an  input  to 
the  photochemical-dynamical  model,  which  includes  an  expanded  reaction  set  for  production  and 
loss  of  OH  vibrational  level  populations  [OH(v)].  This  reaction  set  includes  chemical  quenching 
by  atomic  oxygen  and  collisional  quenching  by  the  major  molecular  species  O2  and  N2,  in  addition 
to  multi-quantum  radiative  relaxation.  The  following  reactions  used  in  my  photochemical-dynam¬ 
ical  model; 

kjv 

(Rl)  H  +  O3  -4  OH(v)  +  O2 


ko 

(R2)0  +  H02  4  OH(v=0)  +  O2 


(v=:6-9) 


(R4)H  +  02  +  M  -»  HO2  +  M 
*^5 

(R5)03+H02  -♦  OH(v-0)+2O2 
(R6)OH(v=0)+O3  HO2+O2 

(R7)  OH(v«0)  +  HO2  H2O  +  O2 

(R8)0H(v)  +  0-»  H  +  O2 

lC9y 

(R9)02  +  OH(v)  ^  0H(v-1)  +  02 

^^lOv 

(RIO)  N2  +  OH(v)  ^  OH(v-l)  +  N2 
(Rll)OH(v)  OH(v-n)  +  hv 


(v*0-9) 


(v«l-9) 


(v»1.9) 


(v»l  -  9,  n  «1  -  6,  v-n^  0) 


The  rate  constants  k|o,  Ay^vn  ^  listed  in  Table  1. 

The  basic  five  reaction  scheme  of  (1983)  for  total  [OH]  employed  by  Walterscheid 
et  al  (1987)  consists  of  reactions  (Rl)  -  (R4)  and  reactitxi  (R8).  I  added  quenching  of  OH(v)  by  O2 
and  N2  [reactions  (R9)  and  (RIO)],  radiative  decay  [reaction  (Rll)]  and  additional  sources  and 
sinks  of  OH(v=0)  [reactions  (R5)-(R7)]. 

Since  the  work  of  Bates  and  Nicolet  (1950),  the  chemical  reaction  (Rl),  between  atomic 
hydrogen  and  ozone  had  been  accepted  as  the  primary  reaction  to  produce  excited  OH(v).  The 
vibrational  levels  vs6-9  were  distributed  according  to  Klenerman  and  Smith  (1987)  whose  branch¬ 
ing  ratios  were  used.  The  secondary  OH  production  reaction  (R2)  in  my  model  is  assumed  to  pro¬ 
duce  ground-level  hydroxyl  only  [Lowe  (1987)].  However  significant  differences  in  opinitm  exist 
in  the  literature  concerning  the  role  of  this  secondary  reaction.  For  exanqrle  Lqjez-Moreno  et  al 
(1987)  used  this  reaction  to  produce  OH(v)  in  the  v=3-6  vibrational  states.  On  the  other  hand  Kaye 
(1988)  believes  that  this  reaction  produces  OH  in  low  vibrational  levels  vsO-3.  Investigating  all 
these  possibilities,  I  found  that  whether  this  reaction  is  assumed  to  produce  tmly  ground  state  level 
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hydroxyl  or  lower  or  higher  excited  vibrational  levels,  it  has  no  bearing  on  the  calculated  Krass¬ 
ovsky  ratio. 

Reactions  (R5)  -  (R7)  are  added  to  the  model  in  order  to  expand  the  reaction  set  and  bring 
the  sum  of  [OH(v)]  calculated  by  the  model  into  a  closer  agreement  with  the  total  [OH]  calculated 
by  the  1-D  diurnal  model. 

The  last  reaction  (Rll)  represents  the  radiative  loss  for  the  various  vibrational  levels, 
through  single  and  multi-quantum  transitions.  The  band  averaged  Einstein  coefficients  of  Turnbull 
and  Lowe  (1989)  were  used  in  the  calculations. 

Many  of  the  quenching  rates  required  in  the  model  are  uncertain.  Existing  experimental 
measurements  are  incomplete,  and  there  are  few  theoretical  guides.  Reaction  (R9)  represent  the 
quenching  of  excited  OH(v)  by  02.  while  reactions  (RIO)  represent  quenching  by  N2.  The  quench¬ 
ing  rates  for  molecular  oxygen,  reaction  (R9),  are  taken  from  Dodd  et  al  (1991)  for  v=l  •  6.  Then, 
using  a  value  from  Sappey  and  Copeland  (1990)  for  vsl2,  the  remaining  quenching  rates  for  v=7 
-  9  were  obtained  by  logarithmically  interpolating  between  vsl  and  v=12.  The  quenching  rates  of 
the  hydroxyl  by  nitrogen,  reaction  (RIO),  were  obtained  in  a  similar  manner  by  interpolating  and 
extrapolating  between  v=2  (Rensbeigeretal  (1989)]  and  v=12  (Sappey  and  Copeland  (1990)].  The 
rates  of  the  reverse  reactions,  Icqvji  and  kiovjf^,  resulting  in  collisional  excitation,  are  determined 
from  k9v  and  kiov  by  detailed  balance;  for  example  k9vji  =  k9v  exp[-(Ev-Ev.i)/kBT],  where  Eyis 
the  energy  of  vibrational  level  v  and  k3  is  Boltzman’s  constanL  Reaction  (R8)  represents  sudden- 
death  chemical  quenching  by  atomic  oxygen.  The  rates  for  this  reaction  are  somewhat  controver¬ 
sial.  For  vsO  the  rate  was  taken  from  J.  Dodd  et  al  ( 1990),  and  for  v=  1  from  Spencer  and  Glass 
( 1977).  Sivjee  &  Hamwey  ( 191  chose  ^OxlO*^®  cm^  sec*^  as  the  rate  for  vsr  2  -  9  to  fit  their  data. 

There  are  no  experimental  values  available,  and  hesitating  to  use  Sivjee  and  Hamwey 's  value  since 
it  exceeds  the  collisional  limit  (2.5x10'^^  cm^/sec)  in  the  airglow  layer  region.  A  sensitivity  study 
was  done  using  a  fast  (2.5x10'*^  cm^/sec)  and  a  slow  (2.2x10*^^  cm^/sec)  quenching  rate  for 
atomic  oxygen  for  v=2  -  9.  A  large  difference  was  found  as  a  result  of  using  the  fast  and  slow  rates, 
especially  for  the  lower  vibrational  states.  The  results  are  illustrated  in  Figure  (2),  where  it  shows 
the  effect  of  the  choice  of  the  rate  constant  kg  on  a  high  (v=9)  and  a  low  (v=3)  energy  level. 
Although  atomic  oxygen  is  not  very  abundant  compared  with  N2  and  O2  around  the  peak  of  the 
emission  layer  near  88  km,  it  is  still  an  important  quencher  of  OH,  especially  on  the  top  side  of  the 
layer  and  for  the  lower  vibrational  levels,  as  seen  in  Figure  (2).  The  effect  on  the  lower  levels  is 
larger,  since  they  are  longer  lived  and,  hence,  more  susceptible  to  quenching.  Notice  that  the 
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[OH(v)]  peak  altitude  is  lowered  as  the  quenching  is  increased.  FarnqriiiodBl  calniiations,  I  have 
chosen  to  use  the  fast  rate  (2.5x10*^^  cm^/sec)  for  w  2  -  9,  that  is  every  ctdUsion  of  an  ^l(v)  with 
atomic  oxygen  destroys  the  OH. 

The  Eulerian  continuity  equadon  for  the  (OH(v)]  is  given  by: 

^  =  Qv-L»N„-div(N,«)  (2) 

where 

Ny  :  concentration  of  the  species 
Qv  :  photochemical  production  rate 
Ly  :  photochemical  loss  &eqt»ncy 
^  gravity  wave  velocity  field 

The  values  of  Qy  and  Ly  are  deteimined  from  reactions  (Rl)  -  (Rll),  along  with  the  rate 
constants  in  Table  1.  These  equations  are  coupled  to  similar  continuity  equations  for  the  minor  spe¬ 
cies  involved  in  the  OH  photochemistry.  In  the  remainder  of  this  section,  equation  (2)  is  specialized 
to  the  steady-state,  corresponding  to  no  AGW  modulation  present,  and  examine  the  solutions  to  the 
resulting  equations.  I  call  this  the  zero  order  solution,  since  it  is  the  solution  without  the  AGW 
present. 

In  the  steady-state,  the  divergence  term  in  equation  (2)  vanishes,  and  the  resulting  equations 
describe  photochemical  equilibrium  with  production  » loss: 

0  =  Qvo-(I'voNvo)  (3) 

whose  solution  is 

(OH(v)]3N„  =  ^  (4) 

Wo 

Using  the  reactions  (Rl)  -  (Rll)  and  the  results  in  Figure  (1),  I  solve  for  Ny^  (v=l-9)  for 
the  case  mentioned  above  (day  269, 7(/*N,  midnight).The  results  are  shewn  in  Figure(3).  These 
results  show  (a)  that  the  OH(v)  vibrational  distribution  is  not  strongly  altitude  dependent,  and  (b) 
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that  the  peak  of  the  vibrational  levels  v«l  •  9  fall  within  a  2  km  altitude  span  with  the  va>9  peak  is 
at  u  slightly  higher  altitude  than  the  v«l.  this  is  attributed  to  quenching  by  atomic  oxygen  espe¬ 
cially  on  the  top  side  of  the  layer,  and  since  v»l  is  longer  lived  than  vs9,  so  the  K}p  side  of  vsl  is 
quenched  down  mote  effectively  than  va9.  see  Figure  (2). 

From  the  level  populations.  Meinel-band  volume  emission  rates  dow’)  can  easily  be  calcu¬ 
lated  by  multiplying  by  the  conesponding  Einstein  coefficient,  i.  e. 

W  =  [OH(v)]  (5) 

In  the  next  section.  I  will  consider  the  AGW  model  and  the  linear  resptmse  of  the  OH 
Meinel  bands. 

3.  AGW  Dynamical  model  and  OH  Meinel  linear  response; 

Assuming  that  a  monochromatic  AGW  perturbs  the  photochemical  system  described  in 
section  2,  and  further  assuming  that  the  AGW  amplitude  is  small  enough  so  that  the  wave  and  the 
airglow  response  to  it  can  be  seated  in  the  linear  approximation,  one  can  calculate  the  perturbation 
due  to  the  AGW  in  the  total  molecular  density  Ntgt,  the  temperature  T  and  the  horizontal  and  ver¬ 
tical  components  u  and  w  of  the  velocity  using  a  realistic  gravity  wave  naodel  with  background 
wind. 

Starting  with  the  linearized  hydrodynamic  equations: 


iQAp  +  Aw-gj--ik,p^,Au  +  p^,-jj-  =  0 _ (Condiiuity) 


ii2p^Au  +  p 


9V 


ox 


0-55“ 


Aw  =  ik  AP . (Horizontal  momentum) 


9AP 

iQp^Aw  =  -gAp--^ 


QAP  +  Aw-^  =  iQc^Ap +  c^Aw-^ 


.(Vertical  momentum) 

. (Adiabadc) 


(6) 

(7) 

(8) 

(9) 
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Combining  equations  (6)  *  (9)  into  two  coupled  equations  to  get: 


d(|> 


+ 


K 

X  ox 


iQl 


(10) 

(11) 


where 

Q9|,:  Brunt  frequency 

Vagi  is  the  wind  speed  along  the  x-direction  which  is  equal  to 
Vox  *V^os(a)  +  V3nsin(a) 

Vwe:  the  zonal  wind,  V„;  the  meridional  wind 
a :  the  angle  of  propagation  of  the  wave  with  respect  to  the  East 
Q. :  Doppler  shifted  frequency 

T1  = 

♦  = 

Apply  a  radiation  upper  boundary  condition  at  z,>240  km,  above  which  the  atmosphere  is 

ik  z 

assumed  uniform,  and  so  for  a  low  altitude  source;  ^  e  *  * .  Now,  using  Runge-Kutta-Fehl- 
berg  algorithm  to  numerically  integrating  the  two  coupled  equatitxis  (10)  and  (11)  from  to  the 
ground,  one  gets  a  solution  for 'F(z)  and  <lKz).  Using  this  solution  and  die  linearized  hydrodynamic 
equations  (6)  •  (9),  one  can  get  the  horizontal  and  vertical  velocities  of  the  gravity  wave. 

The  next  step  is  to  linearize  equation  (2),  along  with  similar  continuity  equations  for  the 
species  O,  CD3,  H,  and  HO2  about  the  zero-order  steady-state  solution  of  equation  (4).Each  vibra¬ 
tional  level  is  considered  as  a  separate  chemically  active  specie  so  that  I  have  a  total  of  14  species. 
The  corresponding  densities  are  denoted  by  Nj  (i^O,  1,...,  13),  corresptmding  to  [OH(v)]  (vaO-9), 
[O3 ) ,  [O],  [H],  and  [HO2].  The  corresponding  production  and  loss  rates  are  denoted  by  Q  and  L,. 
The  number  densities  of  O2  and  N2  are  assumed  to  be  insensitive  to  photochemistiy  and  affected 
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by  the  AGW  dynamics  only. 

To  first  order,  T-Tq  +  AT,  +  AN|o|,  Ni»Nio  +  AN|,  Qi»Qio  +  AQj,  and  Lj^LjQ  + 

ALi,  and  all  fluid  parameters  have  space  and  time  dependences  exp[i(Gt  •  k^x)].  In  the  linear 
response  model,  all  perturbed  minor-species  densities  and  related  quantities  will  be  proportional  to 
this  same  factor.  Assuming  horizontal  stratification,  the  first  order  linearized  form  equation  ctnre- 
sponding  to  equatmn  (2)  is: 


dw  9w 

. ■  =  AO- —  N*  AL*  “  L-  AN*  *“  N*  +  ~  ■  w 


(12) 


Letting  all  fiirst-order  quantities  ~  exp[i(a)t  -  kxX)]  and  dividing  by  Ni^.  to  obtain  a  set  of 
coupled  equations  for  the  relative  fluctuations  in  Nj: 


AN; 

(Ljo  +  iii) 


aq. 

|;j--ALi  +  ik,U- 

lO 


dw  1 


lO 


^  N-  dz 


•w 


(13) 


O  ■  iO  *’io 

Substituting  the  zero-order  number  density,  the  perturbed  production  and  loss  rates  for  each 
species,  and  the  AGW  particle  velocity  in  equation  (13),  to  get  14  linear  algebraic  equations  for  the 
14  unknowns  of  the  penurbed  species  densities  driven  by  the  AGW  velocity.  Solving  these  equa¬ 
tions  to  get  A(OH(v)]  (v=l-9),  where  A(OH(v)J  *  ANj^y. 

The  perturbed  volume  emission  rate  AIyy>,  is  then  defined  as: 


=  A,,..A[OH(v)] 


vv 


(14) 


Dividing  equation  ( 14)  by  equation  (5).  to  see  that 


AI 


vv 


AN. 


^vv'  ^vo 


Since  the  A-coefficients  have  cancelled,  then  the  fractional  fluctuation  in  the  emission  rate 
is  the  same  for  all  bands  originating  in  the  same  upper  level  v.  Using  equation  (13)  for  ANy/Nyo 
and  noting  from  equation  (3)  that  LvoNvo*Qvo»  O"*  obtain  an  equation  for  the  relative  fluctu¬ 
ation  in  the  emission  rate; 


AI 


in 


AQ,  AL,  I 


dw  1  90H(v) 


T - =  n - T — ■‘'T — — 3 — iw)  (15) 

vv'o  VO  ^VO  ^VO  ^VO 

In  the  gravity-wave  branch  at  least,  ciK  ti>b  =Brunt  frequency  «  2ji/[5  min.],  while  Lyo 
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^  Ayy-  ^  22  sec*^  so  that  the  second  term  on  the  left-hand  side  of  equation  (IS)  can  be  ignored 
in  the  equations  of  the  hydroxyl  vibradonal  levels  [OH(v)]’s.  This  term  can  also  be  ignored  in  the 
equation  for  [HO2]  specie  over  most  of  the  aldtude  range  of  interestThis  is  apparent  frmn  Hgure 
(4)  which  is  a  plot  of  the  chemical  lifetime  of  the  reactive  species  venus  altitude.  However,  these 
terms  will  be  retained  since  they  do  not  add  any  complexities  in  solving  these  equations. 

Equation  (15)  shows  that  the  fractional  first-order  perturbed  volume  emission  rate  is  a  stun 
of  three  terms,  which  represent  (i)  production  rate  fluctuations  (ii)  loss  rate  fluctuations 

ALv/Lvo>and  (iii)  fluctuations  arising  from  the  divergence  term  of  the  continuity  equation,  which 
represent  advection  and  compression  of  [OH(v)]q  by  the  AGW. 

4.  Inferring  a  temperature  from  the  airglow  emission: 

The  Krassovsky  ratio  has  been  computed  from  airglow  data  and  calculated  firom  models 
in  an  inhomogeneous  atmosphere,  where  the  temperature  associated  with  emission  from  a  broad 
layer  is  not  well  defined. 

We  calculate  11  using  temperature  calculated  by  modelers  and  inferred  by  experimentalists 
using  three  different  methods: 

a)  Theoretical  oKxlelers  have  typically  used  the  brighmess  weighted  temperature  to  calcu¬ 
late  T).  The  brightness  Bw*.  observed  by  a  column-integrated  airglow  instrument  is  defined  as  the 
integral  of  the  volume  emission  rate  over  the  thickness  of  the  layer 

®vv'  =  Jlvv'(^)^2  =  ®ovv’+^®vv' 

where 

lyv’  =  lovv'  +  ^w’ 

®ovv'  “  Jjfovv' 

=  jAI^Y.(z)dz 

The  fluctuation  in  the  brightness  weighted  temperature  is  defined  as: 

<AT>,  =  Ti,  +  T2,-T3,  (17) 


349 


where 


Tl,= 


Jl„^,  (z)AT(z)dz 

®ovv' 

jAIyy,(z)To(z)dz 


T2v  = 


Tav  =  T„, 


B 


ovv’ 


J^ov,’  (z)  dz 


B 


OVV* 


and 


T...  = 


J 


ov 


B 


ovv' 


b)  The  rotadonal  temperature,  which  is  infored  by  looking  at  a  nunimum  of  two  rotatitmal 
lines  in  one  of  the  hydroxyl  vibrational  bands  and  assuming  that  these  rotational  lines  conform  to 
a  Boltzman  distribudon,  an  average  rotadonal  temperature  can  be  inferred. 

In  a  realisdc  atmosphere,  the  rado  in  the  intensity  of  two  rotadonal  lines  in  a  single  OH 
vibtadonal  band  can  be  written  as: 


where 


Z[T(z)] 


dz 


5 

B. 


A-  :  is  the  lo-vibradonal  Einstein  coefBcient 

a 

gi  :  is  the  degeneracy  factor  of  the  specified  rotadonal  line. 
icB  :  is  the  Boltzman  constant 
Z  :  is  the  partidon  funcdon. 


(18) 
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Using  the  assumption  of  a  Boltzman  distribution,  one  can  now  define  an  average  infiened 
rotational  ten:^)erature  (Ttoi)  for  the  emitting  region  as: 


(19) 


where  B^/B^  is  calculated  using  equation  (18),  which  is  exactly  the  quantity  measured 
by  a  ground  based  instrument  tuned  to  the  two  rotational  lines. 

Assuming  perturbation  due  to  AGW,  one  can  get  the  reladve  temperature  fluctuadtm  as  a 
function  of  the  difference  in  the  reladve  fluctuadon  in  the  intensity  of  the  two  rotadonal  lines  being 
measured: 


AT 


rot 


*^B*^rot 


{ 


AB.  ABi 


B. 


B, 


■} 


(20) 


Trot  “a  "b 

where  AB  /B  ^  is  obtained  by  perturbing  in  equation  (18)  and  is  given  in  Appendix  L 

ft  ft 

Similarly  AB^^/Bj^  is  obtained. 

Using  equadon  (20)  the  reladve  temperature  flucniadon  is  calculated,  which  in  turn  is  used 
with  the  reladve  brighmess  fluctuadon  of  the  coixesponding  vibrational  band  from  equadon  (16), 
to  calculate  the  Krassovsky  rado  x\. 

c)  The  Doppler  temperature,  which  is  infened  fitom  the  width  at  half  the  maximum  of  the 
intensity  of  a  single  rotadonal  line  in  mie  of  the  hydroxyl  vibrational  band.  The  intensity  of  a  single 
rotadonal  line  emitdng  from  an  aldtude  with  the  assumption  of  a  Gaussian  distiibudon  is  given 
by: 


Nj  (z)  A 


■exp 


«D 


ri 


(21) 


where 


Nj 


:  is  the  rotadonal  populadon. 

:  is  the  center  firequency  of  the  line. 


Oq  ;  is  the  line  width  given  by: 


2kBT 


m 


(22) 
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where 

c  :  speed  of  sound, 
m  :  molecular  mass. 


Using  equation  (21)  and  ^plying  perturbation  due  to  AGW  one  gets; 


AI(a)) 

lo(^) 


i1aT(z)  ANj(z) 

«Xp)2  2j  T(z)  Nj(z) 


where 


ANj  (z) 

nTuT 


is  given  in  Appendix  I. 


For  a  ground  based  observation,  the  rotational  line  observed  will  be: 


(23) 


8(0))  =  J  (1^(1)) +AI('U))dz  (24) 

and  from  the  width  of  B(o),  the  observed  Doppler  temperature  is  obtained.  If  I  integrates 
equation  (21)  over  the  emitting  layer,  I  will  get  the  background  line  shape  Bo(o),  and  from  the 
width,  the  background  ambient  temperature  is  inferred  using  equation  (22). 

From  equation  (24),  which  is  the  observed  line,  and  using  equation  (22)  again  the  observed 
temperature  is  inferred.  Using  the  observed  temperature  and  the  background  temperature  the  fluc¬ 
tuation  in  the  temperature  due  to  the  AGW’s  is  obtained. 

To  get  the  background  brighmess  B^o  and  the  corresponding  fluctuations  in  the  brightness 
ABq,  I  have  to  integrate  over  the  frequency  domain: 


(25) 


ABj,  =  [jB(l>)dv]-Bi,„  (26) 

Finally  the  Krassovsky  ratio  q,  is  calculated  using  the  three  previous  techniques  for  infer¬ 
ring  the  relative  fluctuation  in  temperature; 

a)  Using  brightness  weighted  temperature; 
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(27) 


= 


AB  ./B 

vv  ovv 


V  “  <AT>  /T 


ov 


b)  Using  rotational  temperature: 


AB  ./B 

_  "vv  "ovv 

^rot  “  at  /T 

“*ror  ‘rot 

c)  Using  Doppler  temperature  measurement: 


(28) 


/T  •  ^  _  ^^d/®Do 


(29) 


Notice  that  in  this  case  the  relative  brighmess  fluctuation  in  the  line  intensity  is  u%d  to  cal¬ 
culate  the  Krassovsky  ratio,  also  I  can  calculate  the  Krassovsky  ratio  using  the  relative  vibrational 
band  intensity  as  follows: 


’lDop(Band)  =  (30) 

The  difference  between  calculating  the  Krassovsky  ratio  using  equation  (29)  or  (30)  is  very 
small  in  both  amplitude  and  phase.  So  the  major  difference  in  the  three  pievious  methods  in  calcu¬ 
lating  the  Krassovsky  ratio  is  the  way  one  infen  the  temperature. 

Figure  (S)  shows  the  amplitude  of  t]  as  a  function  of  period,  for  a  wave  with  a  horizontal 
phase  velocity  of  70  ro/sec,  calculated  using  the  brighmess  weighted  temperature  (BWT),  rota¬ 
tional  temperature  (ROT)  and  the  Doppler  temperature  (DOP).  Figure  (6)  is  the  same  as  Figure  (5), 
except  a  large  horizontal  phase  velocity  of  260  m/sro  is  used.  Both  Figures  shows  that  tIdop  ^ 
the  lowest  values. 

From  equations  (27)  and  (28),  qy  'Hiot  ^  complex  quantities  and  the  phase  is  inferred 
directly  from  the  equation.  Equation  (29)  on  the  other  hand  is  real,  and  the  phase  of  q^op  is  inferred 
by  calculating  the  time  evolution  of  the  fluctuations  in  both  the  intensity  and  the  temperature.  Hg- 
ure  (7)  shows  plots  of  the  phases  for  the  (BWT),  (ROT)  and  (DOP)  cases,  using  a  phase  velocity 
of  70  m/sec.  Hgure  (8)  is  the  same  as  Figure  (7),  except  a  larger  phase  velocity  of 260m/sec  is  used. 

5.  Effect  of  Quenchitig; 

The  effect  of  quenching  on  q  is  considerable,  and  quenching  should  be  taken  into  consid- 
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eration  especially  when  dealing  with  shon  peiiod  AGW’s.  Figures  (9)  shows  the  quenching  effect 
on  Iti(t)I  calculated  using  (BWT),  where  t  is  the  wave  period,  for  a  low-lying  (v=3),  mid-level 
(v=6)  and  a  highly  excited  (v=9)  vibrational  level  for  a  horizontal  phase  speed,  Vp|m=140  m/sec. 
Without  quenching  It|I  is  independent  of  v  and  when  quenching  is  turned  on  tT]l  is  reduced  by  up  to 
20%.  dependant  on  the  period  and  on  the  vibrational  band. 

Quenching  not  only  has  effect  on  t],  but  it  is  important  in  determining  the  correct  vibra¬ 
tional  population  profiles,  since  these  profiles  are  treated  as  independent  species  in  calculating  the 
brighmess  fluctuation  in  the  selected  band.  Without  quenching  the  three  solid  lines  in  Figure  (9), 
which  represent  the  Krassovsky  ratio  of  OH(3),  OH(6)  and  OH(9)  fall  on  the  top  of  each  other  that 
is  quenching  adds  a  new  dimension  to  the  Krassovsky  ratio,  were  it  becomes  vibrationally  depen¬ 
dent. 


6.  Conclusion: 

A  photochemical-dynamical  model  for  studying  the  OH  airglow  modulations  due  to  atmo¬ 
spheric  gravity  waves  have  been  developed.  The  model  includes  a  realistic  background  tempera¬ 
ture  and  a  realistic  background  winds.  Both  the  realistic  temperature  and  background  wind  profiles 
have  large  effects  on  aiiglow  response  parametrized  by  the  Krassovsky  ratio.  Figure  (10)  shows  the 
effect  of  the  wind  on  T|,  for  waves  with  a  2  hour  periods.Quenching  has  about  20%  effect  on  low¬ 
ering  T],  in  addition  to  making  it  vibrational  dependent  quantity,  and  that  is  important  since  exper¬ 
imentalist  tune  their  measurements  to  specific  rotational  lines  in  a  specific  vibrational  band,  and 
that  raises  the  other  imponant  part  of  trying  to  infer  the  temperature  in  a  way  that  mimic  experi¬ 
mental  methods,  which  had  been  shown  to  have  a  substantial  effect  on  t]. 

Finally,  in  order  to  compare  OH  airglow  AGW’s  response  data  to  models,  it  is  imperative 
to  have  a  simultaneous  measurements  of  the  local  background  wind  profile  in  addition  to  the 
AGW’s  parameters.  The  direction  of  propagation  of  the  gravity  wave  is  an  important  parameter 
liiat  needs  to  be  measured  during  observations  in  order  to  compute  the  correct  Krassovsky  ratio,  as 
.shown  in  Figure  (10),  the  Krassovsky  ratio  as  a  function  of  horizontal  wave  speed  is  plotted  for  an 
eastward  and  a  nonhward  propagating  waves,  and  that  shows  the  directional  dependence  of  'll. 
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Table  1:  Rate  constants  for  OH(v)  production  and  loss  processes 


Rate 

constants 

Value* 

Comments 

kiv 

1.4x10**°  cxp(-470/D  X  b(v) 

b(v)  is  the  branching  ratio  for  reaction  (1)** 
b(9)*0.48;  b(8)=0.27;  b(7)=0.17:  b(6)*0.08 
b(v)-0.  v*0-5. 

^2 

3.0x10*" 

Pnxiuction  of  OH(0)  only 

^3 

6.0xl0*^^300/r)“ 

Three-body  O3  imxiuction 

IC4 

5.7x10*^2(300/1)^'^ 

Three-body  HO2  production 

^5 

1.1x10**^ 

Production  of  OH(0)  only 

k6 

1.6xl0*‘2exp(-940/T) 

Chemical  loss  of  OH(0)  only 

k? 

4.8x10*" 

Chemical  loss  of  OH(0)  only 

kgv 

a8(v)xl0*" 

a8(0)=3.9;  a8(l)=10J;  a8(2-9)=25. 

kgy 

a9(v)x  10**2 

a9(l)=1.3;  a9(2)*2.7;  a9(3)=5.2;  a9(4)*8.8; 
09(5)=  17.;  a9(6)»30.;  a9(7)=45.96;  a9(8)«63.32; 
a9(9)«81.27 

kio 

aio(v)xlO**'* 

aiu(l)=0.5757;  aio(2)=1.0;  aio(3)=1.737; 
aio(4)=3.017;  aio(5)=5.241;  aio(6)=9.103; 
a,o(7)=15.81;  aio(8)=27.46;  aio(9)=47.7 

^'.v-n 

Band-averaged  Einstein  coefficients  from  Table- 1 
of  Turnbull  &  Lowe  (1989) 

a.  T  is  the  temperature  in  K;  reaction  rate  constant  unUs  for  a  unimolecular  rextion  is  sec'*,  for  a  2* 
body  reaction  are  cmVsoc,  and  for  a  3-body  rextion  is  cm^/sec. 

b.  Klenerman  and  Smith  (1987). 


Appendix  I 

Applying  the  penurbudon  to  B  in  equadon  (18),  and  keeping  only  the  first  ocder  terms,  one 

gets: 

AB  =  AgJ{Cj +C2-C3}dz 

z 

where 

AN,  (2)  exp 
*^1  Z[T(z)] 

,,  ,  ,  E  AT{z)_  ,  E  , 

^v^^^kgT(z)  T(z)  ’‘P'kgTCz)' 

^2  =  Z[T(2)1 

N,(2)exp(-jp^)AZ[T(z)] 

Z^[T(z)] 
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OH  vibrational  profiles,  fast  and  slow  O  quenching 


number  density 

FIGURE  2 
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FIGURE  6 


Effect  of  Quenching  on  OH(v) 


Period  (see) 

FIGURE  9 


Constant  intrinsic  Period  =-  .20  min  ;  OH(3) ;  REALISTIC 
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FINAL  REPORT  ON  EFFORT  ACnVITIES 


k 


A  new  temperature  control  system  for  the  liquid-supported 
torsion  balance  (LSTB,  on  loan  from  the  University  of  Colorado)  was 
designed,  implemented  and  tested  on  a  seismic  pier  in  the  Haskell 
Observatory.  This  work  is  of  general  interest  in  improving  the 
performance  of  the  LSTB.  This  instrument  can  be  used  for  precision 
measurements  of  weak  forces,  such  as  tests  of  the  gravitational 
equivalence  principle  or  use  as  a  gravity  gradiometer.  In  parallel 
with  this  work,  the  LSTB  was  used  for  an  experiment  testing  a 
published  result  of  neutrino  detection  using  sapphire  crystals.  If  the 
neutrino  scattering  cross  section  were  large  enough,  the  LSTB  would 
exhibit  a  clear  one  day  periodic  motion  due  to  momentum  transfer 
from  solar  neutrinos.  A  null  result  was  obtained  and  the  results 
were  presented  at  the  1993  Moriond  conference  (see  enclosed 
paper). 

Most  recently,  work  has  been  done  in  the  testing  of  equipment 
for  a  balloon  gravity  project.  A  Global  Posi toning  System  (GPS) 
receiver  will  be  used  to  track  the  motion  (accelerations)  of  the 
balloon  in  an  inertial  frame.  A  strap-down  inertial  navigation 
system  (INS)  will  be  used  to  detect  all  of  the  accelerations  minus  the 
gravitational  acceleration.  Looking  at  the  difference  of  these  two 
outputs  (using  a  Kalman  filter  estimation)  the  gravity  field  (averaged 
over  some  spatial  dimension)  can  be  determined. 

At  this  time  a  proto-type,  ring-laser-gryo  INS  is  being 
prepared  for  calibration  and  testing  at  Holloman  AFB.  The  INS  was 
developed  by  Rockwell  but  was  never  fully  tested.  Also,  a  4  antenna 
GPS  receiver  with  attitude  output  is  being  tested. 
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TEST  OF  COHERENT  NEUTRINO  DEIECnON  USING  SAPPHIRE  CRYSTALS 


M.  P.  McHugh  and  P.  T.  Keyser^ 
Air  Force  Phillips  Laboratory/GPEG 
Hanscom  AFB,  MA  01571  USA 


ABSTRACT 

An  experiment  to  detect  solar  neutrinos  using  the  method  of  Weber  was 
undertaken.  Two  sapphire  crystals  of  about  82  g  each,  along  with 
compensating  lead  masses,  were  placed  in  a  liquid-supported  torsion  balance 
(LSTB)  in  a  symmetric  configuration.  If  the  sapphire  has  a  sufficiently  large 
coherent  scattering  cross  section  (proportional  to  the  square  of  the  number 
of  scatterers)  then  the  momentum  transfer  from  solar  neutrinos  will  produce 
an  observable  one  day  period  in  the  angular  position  of  the  balance.  To  the 
limit  of  experimental  sensitivity,  no  such  effect  was  observed. 


^Present  address:  University  of  Alberta,  Edmonton  Alberta  T6G2E8  Canada. 
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INTRODUCTION 

Joseph  Weber  has  proposed  that  neutrino  scattering  from  single  crystals  can 
give  total  cross  sections  proportional  to  the  square  of  the  number  of  scattering 
sites  This  would  produce  enhancements  of  the  cross  section  on  the  order  of 
Avogadro's  number  for  very  modest  sized  crystals,  making  a  table-top  sized 
neutrino  detector  possible.  The  effect  differs  from  ordinary  coherent  scattering  of 
radiation  in  that  the  neutrinos  have  Compton  wavelengths  that  are  short  compared 
to  the  crystal  lattice  spacing  (for  a  discussion  of  long  wavelength  coherent 
scattering  see  lef.  5  page  683).  Despite  many  theoretical  arguments  against  the 
validity  of  this  claim^-lO,  Weber  has  presented  experimental  results^  in  apparent 
agreement  with  very  large  scattering  cross  sections  for  neutrinos  from  single 
crystals  of  sapphire  (AI2O3).  We  decided  that  an  attempt  to  reproduce  his  results 

was  merited. 

Weber  published  results  for  three  types  of  experiments  —detection  of  tritium 
P-decay  neutrinos,  nuclear  reactor  neutrinos,  and  solar  neutrinos;  all  three 
utilizing  a  torsion  balance  as  the  detector.  We  pursued  detection  of  neutrinos  from 
the  Sun  using  essentially  the  same  method  as  Weber.  The  technique  employs  a 
torsion  balance  that  holds  test  masses  of  lead  and  single-crystal  sapphire.  If  the 
sapphire  has  a  large  scattering  cross  section  and  the  lead  has  a  negligible  cross 
section  then  the  solar  neutrinos  will  impart  momentum  to  one  side  of  the  torsion 
balance,  producing  a  measurable  torque.  The  torque  changes  sign  as  the  earth 
rotates,  and  the  24  hour  periodic  motion  that  results  is  the  solar  neutrino  signal. 

Weber's  results  were  for  a  torsion  balance  holding  a  26  g  sapphire  crystal. 
With  65  days  of  data  averaged  together,  the  amplitude  of  the  24  h  signal  implied  a 
force  of  ~4.6x10"6  dynes  which  he  attributed  to  solar  neutrinos.  This  is  an 
astounding  result  in  that  if  one  assumes  that  all  of  the  neutrinos  that  pass  through 
the  geometric  cross  section  of  this  crystal  are  scattered  through  a  random  angle; 
and  that  the  neutrino  flux  is  that  given  by  the  standard  solar  model  (see  ref  11), 
then  the  maximum  force  on  the  crystal  would  be  5.3x10-6  dynes.  The  curve 
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designated  "predicted  signal"  in  Figure  2  was  calculated  for  our  experiment  using 
the  same  assumptions.  The  curve  is  not  a  sinusoid  due  to  the  fact  that  the 
geometric  cross  section  of  the  cylindrically  shaped  crystals  changes  throughout  the 
day  as  the  direction  of  the  neutrinos  changes.  The  maximum  magnitude  of  the 
calculated  force  is  -2x1 dynes.  Other  methods  for  predicting  the  size  of  the 
effect  give  even  larger  forces.  By  simply  scaling  the  results  of  Weber  by  the 
square  of  the  mass  for  the  two  82  g  crystals  used  in  this  work,  we  calculate  a  force 
of  9x10*5  dynes  for  our  torsion  balance. 

APPARATUS 

The  apparatus  used  for  this  work  is  a  liquid-supported  torsion  balance 
(LSTB)  that  was  developed  at  the  Joint  Institute  for  Laboratory  Astrophysics 
(JILA)  by  Jim  Faller  and  his  students  12- 14,  Tjie  lSTB  shown  in  Figure  1  consists 
of  an  aluminum  cylinder  that  floats  in  water  that  is  kept  at  its  temperature  of 
maximum  density  (3.98®C).  The  water  provides  the  support  while  the  spherical 
and  ovoid  electrodes  on  the  top  of  the  LSTB  are  used  to  provide  the  centering 
force  and  the  restoring  torque.  An  optical  lever,  using  four  lenses  mounted  on  the 
lid  of  the  LSTB,  provides  for  the  detection  of  the  angular  position  of  the  LSTB. 

The  test  masses  are  two  Pb/Al203  "sandwiches"  and  six  gold-plated  Pb 

cylinders  each  weighing  about  510  g.  The  crystals  themselves  weigh  82  g  each  and 
are  about  4.5  cm  in  diameter,  1.3  cm  in  height.  The  overall  height  of  all  eight 
masses  is  the  same,  with  the  crystal/lead  masses  having  a  larger  diameter  due  to 
their  lower  density.  The  symmetric  design  is  used  to  minimize  the  effect  of 
gradients  in  the  gravitational  field.  A  calibration  of  the  LSTB  sensitivity  to 
applied  torques  is  done  in  the  following  way.  First  the  oscillation  period  is 
measured  for  several  different  electrode  voltages.  This  along  with  the  moment  of 
inertia  about  the  vertical  axis  is  used  to  calculate  the  torsion  constant  (the  torque 
per  unit  angular  displacement).  The  sensitivity  is  checked  using  the  gravitational 
attraction  of  lead  bricks  placed  near  the  apparatus.  This  produces  an  "order  of 
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magnitude"  response  and  demonstrates  that  the  LSTB  is  moving  freely.  The 
gravitational  torque  has  large  uncertainties  and  caimot  be  used  independently  as  a 
calibration. 


Fig.  1  A  cutaway  view  showing  the  test  masses  inside  of  the  LSTB.  The 
sapphire  is  shown  in  black.  On  top  are  shown  the  lenses  and  the  electrodes. 

DATA 

A  data  nm  consists  of  a  computer  reading  multiple  chaimels  of  an  A/D  data 

logger  (optical  lever  output,  thermistor  resistances,  magnetometer  ou^ut,  etc.)  at 

one  minute  intervals.  Ten  minute  averages  are  then  stored  on  a  disc.  The  signal  is 

of'the  form  of  a  24  h  periodic  signal  of  the  proper  phase  on  the  optical  lever 

output  voltage.  This  is  converted  into  an  angle  using  a  calibration  (done  just  prior 

to  the  experiment)  and  then  into  a  torque  using  the  torsion  constant  discussed 

above.  Hnally  this  is  converted  into  a  force  using  the  length  of  the  moment  arm 

of  the  crystals  about  the  vertical  axis.  A  graph  of  the  data  time  series  is  shown  in 

Fig.  2  along  with  the  predicted  signal.  A  least-squares  fit  to  a  function  of  the  form 

of  the  expected  signal  is  performed.  This  frmctional  form  is  just  a  cosine  of  the 

angle  between  the  zenith  and  the  direction  to  ti%  Suil  This  zenith  angle  is  a  fairly 

complicated  function  of  the  time  of  day  and,  of  course,  depends  on  the  time  of 
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year  as  well.  An  average  of  the  least-squares  Ats  for  three  such  data  runs  gives  the 
result  of  -3.3±2.8x10-8  dynes  of  extra  force  on  the  sapphire. 


Time  (Days) 

Fig.  2.  This  graph  shows  the  data  from  one  of  the  runs  (starting  at  17:30 
EST  on  7  JaiL  1993)  along  with  the  predicted  signal  based  on  the  results  of  Weber. 
The  angular  position  of  the  LSTB  is  converted  into  a  force  on  the  sapphire  test 
masses. 


EXPERIMENTAL  UNCERTAINTIES 

In  an  experiment  of  this  nature  the  systematic  errors  must  be  dealt  with  very 

m  • 

carefully.  The  fact  that  the  signal  has  a  period  of  24  h  presents  difficulties  in  that 
many  effects  (e.g.  temperature,  tilts,  motion  of  people)  also  occur  with  this  period. 
The  main  sources  of  error  considered  are,  gravity  gradients,  temperature 
fluctuations,  magnetic  field,  and  tilt  The  temperature  at  various  points  on  the 
apparatus,  the  tilt  and  the  magnetic  field  were  all  monitored  during  the  data  runs 
in  order  to  look  for  possible  systematic  errors. 

The  gravity  multipole  couplings  are  dealt  with  by  first  measuring  the 
monients  of  the  float  by  producing  large  gradients  with  nearby  lead  bricks.  Then 
these  moments  are  used  with  estimates  of  the  local  mass  motions  to  give  limits  on 
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the  torque  produced  by  varying  gravtational  gradients.  This  error  is  estimated  to 
be  less  than  0.5x10’^  dynes.  The  magnetic  field  on  top  of  the  LSTB  tank  was 
monitored  with  a  three<axis  flux-gate  magnetometer,  which  combined  with 
measurements  of  the  torques  produced  by  temporary  large  magnetic  fields  gave  an 
estimated  uncertainty  of  0.2xl0-S  dynes.  The  dlt  was  measured  with  a  2-axis 
electronic  bubble  level  and  in  a  similar  manner  the  uncertainty  was  estimated  to  be 
4.0xl0~S  dynes.  The  temperature  fluctuations  at  various  points  on  the  apparatus 
were  monitored  with  thennistors,  and  combined  with  large  artificial  thermal 
gradients  to  make  a  worst-case  estimate  of  the  uncertainty  as  4.0x10*^  dynes.  The 
temperature  fluctuation  contribution  dominates  the  systematic  uncertainties,  but 
this  seems  an  overestimate  as  it  is  an  order  of  magnitude  larger  than  the  "signal". 
However,  temperature  effects  are  very  difficult  to  model  and  a  less  conservative 
estimate  seemed  unjustified. 

An  assumed  feature  of  the  coherent  scattering  is  that  the  quality  of  the 
ciystals  is  important  for  the  effect.  The  more  nearly  perfect  the  crystals  the  better 
the  coherence.  We  had  our  crystals  tested  by  double  crystal  X-ray  topography,  by 
the  same  group  at  NIST  that  tested  Weber’s  crystals,  and  they  were  found  to  be 
good  single  crystals  with  no  extraordinary  defects,  comparable  to  his. 

CONCLUSION 

This  experiment  shows  no  observation  of  enhanced  neutrino  scattering  cross 
sections  for  single  crystals  of  sapphire.  The  extra  force  on  the  sapphire  was 
-0.3±4x10-7  dynes,  consistent  with  zero.  The  fraction  of  the  predicted  result  is 
-0.002±0.027  compared  to  0.86±0.26  observed  by  Weber.  This  uncertainty  is 
obtained  from  his  stated  uncertainty  in  the  solar  neutrino  flux^.  A  slightly 
different  approach  has  also  recently  obtained  a  null  result 

The  authors  would  like  to  thank  Crystal  Systems  of  Salem  Massachusetts  for 
providing  the  high  quality  sapphire  crystals  used  in  this  work.  Thanks  also  to 
Richard  Deslattes  and  Albert  Henins  of  the  National  Institute  of  Standards  and 
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Technology  in  Gaithersburg  Maryland  for  performing  the  X-ray  diffraction 
topography.  We  are  indebted  to  Jim  Faller  for  encouraging  us  to  pursue  this 
work. 
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Annual  Report 


The  primary  project  undertakmi  in  this  term  was  the  survey  of  ELF/ VLF  electric  field  measurements 
aboard  the  Combined  Release  and  Radiation  Effects  Satellite  (CRRES).  Investigation  began  on  an 
interesting  aipect  of  this  survey,  which  involves  the  behavior  of  electromagendc  and  electrostatic 
waves  when  observed  by  the  spaurecraft  in  the  same  spatial  vicinity.  Work  was  also  completed  on  a 
psqier  about  ground  observations  of  ULF  waves  at  high  latitudes.  Several  presentadcms  were  given  on 
these  subjects,  and  they  are  listed  below. 

The  survey  of  electric  field  data  required  considerable  time  and  care.  The  object  of  the  surv^  was  to 
examine  average  wave  spectral  densities  throughout  the  region  of  space  covoed  by  the  CRRu  orbit. 
Furthermore,  the  power  was  to  be  studied  in  fluency  ranges  defined  by  fractons  or  multiples  of  the 
load  electron  cyclotrmi  frequency.  This  choice  was  m^  tecause  outside  the  plasmasphere,  which 
was  the  focus  of  the  survey,  wave  power  is  usually  (^served  to  follow  the  electron  cyclotron 
frequency,  and  frequency  b^ds  so  defined  would  have  more  physical  significance  than  simple  decade 
bands  such  as  I-IO  kHz.  The  qxuial  averaging  of  spectral  densities  in  the  selected  frequency  bands 
revodol  regions  in  the  magnetosphere  where  wave^wth  routinely  occurs.  These  regions  are  selected 
by  the  confluence  of  factors  such  as  electron  convection,  plasma  density  and  the  magnetic  field. 

The  results  of  the  survey  are  discussed  in  detail  in  the  attached  draft  of  the  survey  p^ier,  but  they  may 
be  summarized  here.  The  whistler  mode  waves  outside  the  plasnuu^here  are  usui^  amplified  in  the 
midnight-dawn  secton  during  active  times,  for  frequencies  between  30%  and  100%  of  the  local 
electron  cyclotron  frequency  (fee).  This  is  consistent  with  the  conventional  idea  that  wavegrowth 
arises  from  plasma  sheet  electrons  that  convect  sunward  within  the  magnetosphere,  around  the  dawn 
side  of  the  Earth. 

It  was  also  noted  that  high  frequency  whistler  waves  tended  to  remain  closer  to  the  equator  than  those 
at  low  frequencies.  The  waves  between  O.Sfce  and  fee  rarely  appear  above  10  degrees  latitude,  while 
those  at  tte  lower  frequency  of  0.3-0.5fce  are  seen  up  to  20  degrees  latitude.  Still  lower  frequency 
whistler  waves,  in  the  0.  l-0.3fce  range,  are  seen  further  from  the  equator  and  in  fact  have  an  intensity 
maximum  off  the  equator  on  the  dayside.  The  extent  to  which  the  whistlers  propagate  away  from  the 
equator  may  be  related  to  the  orientation  of  their  wavoiormals,  which  can  be  at  l^er  angles  to  the 
magnetic  field  for  lower  frequencies.  This  in  turn  is  important  for  determining  the  group  velocity  and 
hence  the  propagation  path  of  the  waves.  The  dayside  maximum  may  be  a  result  of  plasmasphenc 
whistler  waves  leaking  out  into  the  magnetosphere  at  high  latitudes. 

Finally,  the  electrostatic  electron  cyclotron  (ECH)  waves  that  occur  between  harmonics  of  the  electron 
cyclotron  frequency  were  also  studied.  These  waves  are  present  at  all  latitudes  reached  by  the 
spacec^,  up  to  28  degrees  m^etic,  but  strongest  in  the  midnight-dawn  sector.  They  fzde  below  the 
sensistivity  of  the  electric  field  instrument  on  the  dusk  side,  which  may  be  a  consequence  of  electron 
convection  and  concomitant  loss  of  energetic  electrons. 

The  ECH  waves  and  the  whistler  waves  appeared  to  be  coupled  in  such  a  way  that  the  whistler  mode 
would  usually  weaken  when  the  ECH  wave  intensifiol.  This  process  typically  occurred  near  the 
equator.  An  additional  feature  involved  the  whistler  power  above  and  below  half  the  electron 
cyclotron  frequency,  at  which  a  gap  is  observed.  Although  both  upper  and  lower  bands  generally 
weakened  during  the  ECH  intensification,  the  upper  band  sometimes  remained.  The  importance  of  this 
coupling  process  lies  in  the  fact  that  the  whistler  waves  do  not  appear  to  freely  cross  the  equator,  nor 
do  they  propagate  more  than  20  degrees  above  it.  At  the  same  time,  the  ECH  waves  intensify  in  a 
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narrow,  2-3  degree  latitude  range  near  the  equator.  The  conventional  picture  of  whistler  mode 
amplification  may  not  tqiply  here,  as  it  assumes  a  gyroresonance  between  the  waves  and  electrons  as 
the  waves  repeatedly  cross  the  equator.  Instead,  the  whistler  mode  waves  and  ECH  waves  may  be 
coupled  and  amplified  via  the  same  particle  distribution  near  the  equator. 

Most  of  the  effort  during  this  term  was  directed  at  such  problems  as  the  identification  and  removal  of 
data  contaminated  by  preamplifier  saturation  or  clipping.  These  conditions  would  arise  from 
extremely  strong  natural  emissions  associated  with  solar  flares  and  the  aurora.  A  variety  of  quality 
checks  were  conducted  on  the  survey  process  itself.  One  of  these  uncovered  an  uncertainty  of  2-3 
degrees  between  equatorial  positions  as  determined  by  different  magnetic  field  models.  Consequently, 
latitude  bins  of  5-10  degrees  were  used  for  the  survey. 

Spectral  densities  for  decade  frequency  bands  were  surveyed  for  an  assnriari^  project  conducted  by 
another  researcher.  The  0.1-1  kHz  band  has  a  physical  meaning  inside  the  plasmasphere,  where 
whistler  mode  waves  may  propagate  far  from  the  region  of  amplification.  They  are  usually  observed 
to  have  no  relation  to  the  local  electron  cyclotron  fr^uency,  unlike  whistler  waves  outside  the 
plasmasphere.  The  project  studied  the  possibility  of  wavegrowth  of  these  plasmaspheric  whistler 
waves,  or  hiss,  by  energetic  radiation  belt  electrons.  This  work  was  presented  at  the  Fall  1^2 
Meeting  of  the  American  Geophysical  Union. 

A  third  project  involving  Pcl/2  ULP  waves  was  undertaken  and  completed.  It  consisted  of  substantial 
edits  and  additions  to  a  paper  that  had  been  submitted  for  publication.  This  paper  analyzed  the 
occurrence  of  Pcl/2  and  Pci  micropulsadons  at  high  latitude  ground  stations.  These  pulsations  are  the 
ground  signatures  of  0.1-5  Hz  ULF  waves  that  are  amplified  by  ion  cyclotron  resonances  in  the 
magnetosphere.  The  tendency  of  these  waves  to  follow  the  magnetic  field  makes  it  possible  to  deduce 
their  source  region  by  comparing  observations  at  different  latitudes  on  the  ground.  The  paper 
proposed  the  location  of  Pcl/2  amplification  and  drew  conclusions  about  the  role  of  heavy  ions,  such 
as  He-f-,  in  the  amplification  and  propagation  process.  This  paper  was  completnl  and  resubmittted  to 
the  journal. 


Presentations  made  during  the  1  Jan  1992  -  30  June  1993  period: 


"ELF/VUF  Electric  Field  Observations  on  CRRES";  MA  Popwki,  HJ  Singer,  C  Paianicas,  WJ 
Hughes  and  RR  Anderson,  a  Space  Physics  Division  Seminar  by  MA  Popecki  at  the  Geophysics 
Directorate  of  Phillips  Laboratory,  11/12/92,  Hanscom  AFB,  MA 

"A  Statistical  Survey  of  ELF/VLF  Electric  Fields  by  CRRES";  MA  Popecki,  HJ  Singer,  C  Paranicas, 
WJ  Hughes  and  RR  Anderson,  Poster  presentation  by  MA  Popecki  at  the  Fall  Meeting  of  the 
American  Geophysical  Union,  12/7/92,  San  Francisco,  CA 

"The  Correlation  of  Interhemisphere  Ground  and  AMPTE  Spacecraft  Measurements  of  Pcl/2 
Pulsations";  RL  Amoldy  and  MA  Popecki,  Presentation  by  MA  Popecki  at  the  U.S.  Antarctic 
Experimenters'  Meeting,  3/18/93,  Dartmouth  College,  Hanover,  NH 

"Alternating  Intensity  of  Electromagnetic  and  Electrostatic  Waves  Outside  the  Plasmasphere  as 
Observed  by  CRRES";  MA  Popecki,  HJ  Singer,  C  Paranicas,  WJ  Hughes  and  RR  Anderson, 
Poster  presentation  by  MA  Popecki  at  the  Spring  Meeting  of  American  Geophysical  Union, 
5/24/93,  Baltimore,  MD 

"Alternating  Intensity  of  Electromagnetic  and  Electrostatic  Waves  Outside  the  Plasmasphere";  MA 
Popecki,  C  Paranicas  and  RR  Anderson,  A  Space  Science  Seminar  by  MA  Popecki,  6/10/93,  The 
University  of  New  Hampshire,  Durham,  NH 
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Center  for  Space  Physics,  Boston  University,  Boston  MA  02213 

R.R.  Anderson 

Department  of  Physics  and  Astronomy.  The  University  of  Iowa,  Iowa  City,  lA  32242 


Abstract 

An  extensive  survey  of  ELF/VLF  electric  field  measurements  aboard  the  Combined  Release 
and  Rathadon  Effects  Satellite  (CRRES)  was  conducted  for  the  entire  mission.  Mean 
spectral  densities  in  four  fiequency  bands  were  calailated  for  spatial  regions  defined  by 
three-hour  local  time  sectors,  integer  L-shells  and  three  latitude  ranges:  <3, 3-13  and  13-29 
degrees.  Spatial  coverage  included  L-shells  up  to  eight,  latitudes  up  to  29  degrees  and  3/4 
ci  all  local  times  at  apogee.  The  bands  were  defined  by  the  local  electron  cyclotron 
frequency  (fee).  Below  the  cyclotron  fiequency,  ban^  were  selected  as  (O.K).3)fce>  (0.3- 
0.3)fce  (0  j-  1.0)fce  in  order  to  keep  track  of  whistler  wave  power  without  i^vidual 

event  selection.  Abewe  the  cyclotron  fi^uency,  a  band  was  defined  as  (1-3)^  to  follow 
the  first  two  electron  cyclotron  harmonic  (ECH)  components.  In  the  two  highest  whistler 
Inmd^  the  higtest  mean  spectral  densities  were  on  the  dawnside  for  L»3-7,  ctHisistent  with 
aiiq)lification  by  subsumn-injected  electrons.  The  lowest  band  displays  a  dayside  off- 
equator  intensity  maximum  for  L-shells  of  4-8.  In  the  ECH  band  above  foe,  the  largest 
mean  intensity  is  in  the  midnight-dawn  sector,  within  3  degrees  of  the  equator.  Occasional 
off-equator  intensifications  of  ECH  waves  connibuted  to  off-equator  mi^ght  mean 
spect^  densities  that  were  only  two  orders  of  magnitude  less  than  the  largest  mean 
equatorial  values. 


Introduction 

A  rich  variety  of  plasma  waves  may  be  observed  in  the  ELF/VLF  fiequency  range 
throughout  the  plasma^here  and  inner  magnet^here.  These  waves  modify  particle 
populations  by  heating  or  by  pitch  an^  scattering  and  consequent  prec^itation.  In  the 
effon  to  understand  the  wave-particle  interactions  that  amplify  these  waves,  several 
spacecraft  surveys  of  this  fiequency  range  have  been  undertaken  (Heppner  et  al.,  1992; 
RusseU  &  Holxa,  1969;  Burtis  &  HelliweU,  1976;  Tsurutani  &  Smith,  1977;  Koons  & 
Roeder,  1990,  Dtmckel  &  HelliweU,  1969;  Muzzio  &  Angerami,  1972).  Many  of  these 
have  concentrated  on  the  occurrence  patterns  of  whistler  mode  waves,  such  as  chorus  or 
plasmasphetic  hiss.  Others  have  calculated  wave-ncmnal  angles  in  the  whistler  mode  and 
discussed  the  consequences  for  growth  and  propagation  (Panot  &  LeFeuvre,  1986; 
Hayakawa  et  al.  1984;  Muto  et  d.,  1987;  Sonwall^  &.  Inan,  1988).  Electrostatic  electron 
cyclotron  waves  (ECZH)  above  the  electron  cyclotron  fiequency  have  also  been  measured 
(Paranicas  et  al.,  1992;  Roeder  &  Koons,  1989;  Belmont,  et  d.,  1983).  Although  such 
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surveys  began  over  20  years  ago,  debate  continues  on  the  mechanisms  responsible  for  the 
observed  waves. 

This  study  examined  the  spadally-averaged  spectra  of  waves  in  the  ELF/VLF  range, 
throughout  the  region  of  space  covered  by  the  Combined  Release  and  Radiation  ^ects 
Satellite  (CRRES).  Electric  field  measurements  were  taken  for  magnetic  latitudes  ot  ±28 
degrees,  magnetic  L-values  fitom  1.8  to  8.7,  and  nearly  18  hours  ctf  local  time  at  ^aceoaft 
apogee  (6.3  RE).  CRRES  mission  quee  was  divided  into  three  hour  local  time  segments, 

integer  L-shells  and  three  latitude  ranges.  Mean  spectral  densities  (Volt^/m^Hz)  were 
calculated  for  each  region  and  are  presented  below. 

The  large  range  in  orbital  parameters  and  the  nature  of  some  wave-particle  interactions 
suggest  the  use  of  a  physical  parameter,  st^h  as  the  electron  gyiofiequency,  to  organize 
the  data.  The  plasma  fi^uency  would  also  be  an  obvious  parameter,  and  may  be 
determined  from  the  uppa  hybrid  resonance  when  it  is  indratifiable  in  the  electric  field 
data.  The  process  of  c^culating  density  is  not  yet  complete  for  the  entire  mission,  however. 

Using  the  cyclotron  frequency,  the  bands  in  the  spadally-averaged  spectra  were  chosen  so 
as  to  pick  out  physically  distinct  wave  phenomena,  such  as  whistler  mode  or  electrostadc 
(n-f  1/2)  emissions.  Since  wave  frequency  was  the  only  criterion  used  to  distinguish 
wavemodes,  the  mean  spectra  occasionally  include  br^-band  features  and  transmitters. 
The  frequency  range  of  the  sweep  frequency  receiver  (SFR)  was  l(X)Hz  to  400kHz,  and 
the  electron  cyclotron  fiequency  rang^  from  i^)proximately  3  kHz  at  apogee  up  to  Ae  4(X) 
khz  Umit  close  to  the  Earth. 


Instrumentation,  Orbit,  Sample  E«field  Data  and  the  Survey 


The  Orbit 

The  CRRES  orbit  was  jqjproximately  10  hours  and  the  orbital  plane  was  inclined  18 
degrees  widt  respea  to  the  geograpluc  equaiOT.  Precession  moved  the  apogee  from  0745 
through  midnight  to  1343  local  time  (LT).  Useful  data  for  this  study  began  at  an  apogee  LT 
of 0708.  Apogee  was  at  6.3Re,  and  at  the  highest  magnetic  latitude,  CIURES  reached  an  L- 
value  of  8.7.  Perigee  for  the  spacecraft  was  1.06Re.  Frequency  constraints  of  the 
SFR/dipole  system  limited  the  minimum  L-value  to  1.8  for  this  study. 

The  combination  of  the  18  degree  inclination,  pmession  and  the  10  hour  period  allowed 
CRRES  to  sample  a  22  degree  range  of  magnetic  latitudes  every  three  orbits.  When  apogee 
was  the  highest  above  the  geographic  equator,  magnetic  latitudes  at  iqx>gee  spanned  7-29 
degrees.  Vilien  the  apogee  had  piwessed  to  the  intersection  of  the  equatmial  and  orbital 
planes,  the  latitude  range  at  i^gee  was  ±1 1  degrees.  Equator  crossings  took  place  at  other 
radial  distances  on  every  orbit  The  absolute  value  of  latitude  was  used  to  improve 
sampling  in  this  study.  The  time  spent  by  CRRES  in  each  spatial  bin  of  this  study,  as  well 
as  the  number  of  visits  to  those  regions,  are  shown  in  Figure  2. 

The  spin  axis  was  pointed  approximately  toward  the  Sun.  The  1(X)  m  wire  dipole  from 
which  wave  measurements  were  made  rotated  in  the  plane  perpen^cular  to  the  spin  axis 
with  a  period  of  approximately  30  seconds. 
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Instrumentation 


The  electric  field  measuxements  for  this  survey  were  made  with  a  100m  dipole  and  a  128 
channel  sweep  frequency  receiver  (SFR).  These  are  described  in  Anderson  &  Gumett 
(1992).  The  SFR  channels  ranged  from  100  Hz  to  4(X)  kHz,  in  four  bands  of  32 
logarithmically  spaced  frequency  steps.  The  frequency  ranges  were:  100-810  Hz,  810- 
Hz,  6.4-51.7  kHz  and  51.7-400  kHz.  The  four  bands  had  different  channel 
bandwidths  (7, 56, 448  and  36(X)  Hz)  and  sampling  rates  (1, 2, 4  and  4  channels/sec). 
Each  band  had  a  dynamic  range  of  approximately  1(X)  dB. 

The  electron  cyclotron  frequency  was  calculated  from  magnetic  field  measurements  by  a 
fluxgate  magnetometer.  The  magnetometer  is  described  in  detail  by  Singer  et  aL  (1992). 

A  Sample  Orbit 

A  sample  orbit  is  shown  in  Figure  1.  An  orbit  consists  of  approximately  10  hours  of  data. 
Ephemeris  values  and  UT  are  shown  on  the  horizontal  axis  and  frequency  (100  Hz-400 
kHz)  on  die  vertical  axis.  Also  shown  in  the  figure  are  magnetic  equatorial  and  meridian 
projections  of  the  orbit  Apogee  occurred  in  the  midnight  sector,  within  10  degrees  of  the 
magnetic  equator.  Latinide  was  calcuated  with  the  Olson-  Pfitzer  (1977)  field  model  The 
local  electron  cyclotron  frequency  (fee)  t^ipears  as  a  solid  line,  minimizing  near  1(X)0  ITT. 
Also  shown  are  lines  representing  0.1  fee.  0.3fee.  OJfee.  fee  and  3fee- 

This  orbit  was  chosen  as  an  example  because  nearly  every  type  of  wave  seen  in  the  mission 
appears  here.  Apogee  occurs  near  the  center  of  the  plot  Tlie  horizontal  striations  are 
electrostatic  emissions  at  approximately  (n-i-1/2)  hamxinics  of  the  local  cyclotron 
frequency.  They  intensify  at  the  equator,  which  occurs  near  0945  in  this  orbit 

The  plasmapause  is  indicated  by  the  steep  drop  ir  he  upper  hybrid  frequency  at  0845  and 
1430.  The  upper  hybrid  frequency  is  approximately  equal  to  the  plasma  frequency  over 
nx)st  (Kbits  bwause  the  cyclotron  frequency  is  usuaUy  much  less  than  the  plasma 
frequency.  Outside  the  plasmasphere,  the  upper  hybrid  resonance  can  be  (l^ficult  to  Icxrate 
because  of  the  broad-bwd  features  (for  example  from  12(X)-1240),  continuum  radiation  or 
the  highest  (n-f  1/2)  harmonic. 

The  intense  emission  after  1400  UT,  below  10  kHz,  is  plasmaspheric  hiss.  It  is  contained 
inside  the  plasmapause.  These  are  whistler  mode  electromagnetic  emissions  and  they  have 
been  discussed  by  Lyons  &  Thome  (1970),  Thome  (1973),  Huang,  et  al.  (1983)  and 
others.  Plasmaspheric  hiss  often  appears  at  frequencies  below  the  Icxral  lower  hybrid 
frequency.  The  lower  cutoff  for  this  study  was  set  at  0.  Ifce.  which  is  above  the  lower 
hybrid  fr^uency,  but  is  still  compatible  with  die  lower  limit  of  the  SFR  in  the  weakest 
magnetic  fields  observed  by  CRRES. 

A  Type  m  radio  burst  CKcuned  at  1 100  and  approximately  1(X)  kHz  in  this  orbit.  Aunxal 
Idlometric  radiation  (AKR)  was  observed  at  0830  above  200  kHz.  Intense  type  HI  bursts 
and  AKR  can  produce  artificial  broad-band  signannes  in  the  top  two  32  channel  bands. 
These  signatures  were  removed  from  the  data  set  before  analysis. 

The  constant  frequency  lines  below  the  cyclotron  frequency  at  15(X}  UT  are  transmitters. 
They  appear  mosdy  below  L=3.5  where  they  are  damped  to  the  local  electrons  at  the  local 
electron  cyclotron  frequency.  They  can  be  stronger  than  any  natural  waves  observed  at  the 
same  time.  They  have  not  bren  removed  from  the  data  set,  however  the  features  discussed 
in  this  p^ier  are  primarily  beyond  the  L-shells  in  which  they  are  seen. 
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Finally,  the  strong  emissions  below  the  cyclotron  frequency  tu  0900  are  whistler  mode 
waves  known  as  chorus.  A  gap  is  usually  present  at  tiw  gyrofrequency.  The  presence 
of  the  gap  has  been  discuss^  by  previous  auduxs  (Tsurutani  &  Smith,  1974;  Burns  & 
HeUiwell,  1976;  Mania,  1976;  Koons  &  Boeder,  1990).  These  emissions  often  consist  of 
burst'Uke  features,  separated  by  approximately  one  second.  The  chorus  elements  below  the 
gap  are  usually  unrelated  to  those  above,  although  they  sometimes  may  cross  the  gap 
(Burns  &  HeUiwell,  1976).  The  time  resolution  in  the  CRRES  SFR  is  insufficient  to  see 
the  chorus  elements.  Other  chorus  emissions  are  structureless  (Tsurutani  &  Smith,  1974). 
The  wave-normal  angles  of  the  chorus  above  and  below  die  gap  at  half  the  cyclotron 
frequency  have  been  discussed  by  Hayakawa  et  aL  (1984),  Muto  et  aL  (1987)  and 
Sonwalktf  &  Inan  (1988).  Wave-non^  angles  were  not  obtainable  for  whisder  waves 
aboard  CRRES,  however  they  may  explain  the  spatial  intensity  patterns  in  this  study 
because  of  their  importance  to  wave  growth  and  propagation. 


The  Survey  Process 

The  goal  of  the  survey  was  to  calculate  the  average  ELF/VLF  spectral  densities  frx  selected 
frequency  bands  in  the  regions  of  space  visited  by  CRRES.  The  bands  were  chosen  so  as 
to  keep  track  of  physicaUy  separate  wave  ptenomena  where  possible.  The  highest 
frequency  band  covered  the  frequency  range  (1*3)^,  which  consists  mosdy  of 
electrostatic  (n+l/2)fce  harmonics  (ECH).  The  next  three  bands  were  below  this  and 
contain  mostly  whistler  mode  waves.  These  might  be  chorus  and  hiss,  however  the  SFR 
did  not  have  sufficient  time  resolution  to  distinguish  the  two.  From  highest  to  lowest,  the 
band  were:  (0J-l.0)fcc.  (Q.3-0.5)fcc  and  (0.1>^.3)fcc*  The  break  a  O.Sfce  chosen 
because  the  giqi  that  is  often  observed  in  whisder  wave  power  occurs  a  tha  frequency.  The 
0.3fce  break  is  close  to  the  lower  bound  of  the  lower  chorus  band  (Burtis  &  HeUiwell, 
1976;  Tsurutani  &  Smith,  1974). 

A  128  channel  sweep  from  the  SFR  is  shown  from  orbit  515  a  09:09:59  UT  in  Figure  3. 
The  electron  cyclotron  frequency  is  noted,  and  the  channels  within  each  of  the  four  bands 
are  separated  by  vertical  lines.  In  aU  four  bands,  the  spectral  features  typicaUy  have  a  wider 
bandwidth  than  the  separation  between  individual  chaiuiels. 

Within  each  band,  spectral  densities  (v^/m^Iz)  from  each  channel  were  summed.  Every 
eight  consecutive  sums  were  then  averaged,  representing  65.5  seconds  of  data.  The  sums 
were  divided  by  the  number  of  channels  in  Ae  band  to  give  an  average  power  specual 
density  for  the  band.  Mean  power  specnal  densities  for  each  band  in  oihit  5 15  are  shown  in 
Figure  4.  Spatial  coordinates,  such  as  L-shell  crossings,  latitudes  and  local  times  are 

identified.  The  E(ZH  emissions  in  the  (l-3)f(«  band  reach  a  level  of  sum  of  5x10'^^ 

V  /m  Hz  within  5  degrees  of  the  equator,  just  after  the  power  in  the  upper  two  whistler 
bands  (covering  (0.3-1.0)fce)  subsides.  The  effect  of  the  transmitters  may  be  seen  in  the 
two  upper  whistler  bands,  particularly  near  1530  UT,  where  the  spectral  densities  reach 
8x10'**  vVm^z  before  falling  rapidly. 

The  logs  of  the  65.5  second  mean  spectral  densities  were  then  spatially  binned  and 
averaged  by  integer  values  of  L-shell,  3  hour  increments  of  local  time  and  three  latitude 
ranges:  <5;  >5,<sl5;  and  >15,  <29  degrees.  In  order  to  estimate  confidence  in  these 
regional  mean  values,  also  recorded  were  the  numbers  of  visits  to  each  region,  the  amount 
of  time  spent  there,  and  the  mean  spectral  density  per  visit. 
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The  (ih*1/2)^  electrostatic  emissions  are  cleariy  organized  by  the  local  electron  cyclotron 
frequency.  On  the  other  hand,  the  whistler  mode  spectrum  may  be  sensitive  to  both  the 
eqiutoiial  (DuMkel  &  Helliwell,  1969)  and  lomtl  cyclotron  fr^uency.  In  die  whistler  mode 
Ixtnds,  the  qiadal  averages  were  calculated  separately  with  respkt  to  the  local  and 
equatorial  cyclotron  frequency,  using  the  Olsm-Pfitzer  1977  model  for  the  latter  case.  The 
rnults  are  grossly  simile. 


Results  for  the  Whistler  Mode  Bands  (below  fee) 

The  mean  logs  of  spectral  densities  for  the  bands  below  the  local  electron  cyclotron 
frequency  are  presented  in  Figures  5  and  6.  The  averages  are  shown  in  local  dme/L-value 
polar  plots,  one  for  each  frequency  band  and  latitude  range.  For  example,  the  plot  for  the 
(0.3-0J)^  band  at  <S,>15  degrees  presents  the  mean  spectral  densities  from  all 
measurements  in  that  frequency  range,  while  the  spacecraft  was  in  that  ladtude  range. 
Gmcentric  circles  represent  L*  values,  with  the  inner  circle  as  L^l.  White  spaces  indicate  a 
lack  of  dafa  Either  CRR^  did  not  visit  a  legimi  or  there  were  fewer  than  5  visits  there,  or 
else  that  the  average  visit  to  a  region  was  less  than  10  minutes. 

Figure  5  has  spectral  densities  fm*  Kp  >  lo,  and  Figure  6  has  them  for  quiet  times 
(K^alo).  The  (0.5>1.0)fce  hand  has  the  Ingest  mean  values  in  the  dawn  sector  for  L=S- 
6,  in  the  ^  degree  larimHa  range  and  for  IQ)>la  This  band  typically  represents  the 
whistler  mode  waves  above  the  gap  that  usually  appears  at  0.5f^.  Tht  dawn  sector  mean 
decreases  with  increasing  ladtud^  indicating  that  these  waves  are  confined  near  the 
equator.  In  fact,  Ae  waves  in  this  band  ate  usually  seen  in  the  CRRES  data  no  higher  than 
10  degrees.  This  band  appears  to  be  associated  with  geomagnetic  activity,  since  the  dawn 
sector  equatorial  mean  is  reduced  during  quiet  times  (Kp<»lo,  Figure  6^. 

The  middle  whistler  band,  (0.3-0.5)^,  also  shows  a  dawnside  equatorial  mean  intensity 
tnaximum  that  reduces  with  increasing  totitude.  At  the  highest  latitudes,  the  mean  spectral 
densities  for  this  band  are  coopaiable  to  those  in  the  (0.5-1.0)fc:e  t>atid,  but  in  die  middle 
latitude  range,  they  are  greater  for  the  (0.3-0.5)fce  t>and.  This  indicates  that  the  (0.3- 
0.3)fce  band  emissions  extend  further  above  the  equator  than  the  highest  whistler  band. 

The  lowest  frequency  band,  (0.1-0.3)fce>  exhibits  a  high-  latitude  (15-29  degrees)  dayside 
maxi  mum  mean  spectral  density  for  Kp  >  lo  (Figure  5).  A  remnant  persists  during  low  Kp 
(<slo)  in  the  12-18  LT  sector. 

An  example  of  the  land  of  data  that  contributes  to  the  high-  latitude  dayside  maximum 
spectral  density  is  shown  in  Figure  7.  This  c^it  had  an  apogee  near  1330  LT,  within  10 
degrees  of  the  equator.  On  the  outbound  leg,  CRRES  was  at  high  negative  latitudes  in  the 
prenoon  sector  as  it  approached  apogee,  ^^^tler  mode  power  was  observed  at  the  high 
latitudes  (0600-1 130  UT),  however  it  became  less  intense  in  the  (0.1-0.3)^  band  as 
CRRES  approached  the  equator.  Kp  values  for  this  orbit  ranged  from  3-  to  4+. 

During  the  following  orbit,  although  CRRES  was  within  7  degrws  of  the  ^uator  at 
apogee,  and  Kp  levels  were  between  4o  and  6o,  less  intense  whistler  activi^  was 
observ^  These  examples  are  not  fully  representative  of  the  statistical  study,  but  this  type 
of  observation  was  common  when  the  CTRRES  apogee  was  on  the  dayside,  which  occurred 
at  the  begirming  and  end  of  the  mission. 
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Visit*averaged  Spectral  Densities 


The  mean  spectral  (tensities  per  visit  by  CRRES  to  selected  regions  is  shown  in  Figures  8 
and  9.  Also  siiown  are  the  number  of  visits  by  CRRES  to  that  region  and  the  anxMuit  oi 
time  ^nt  there.  This  presentation  shows  the  distribution  of  measurements  on  the 
dawnside  and  the  day^e  that  lead  to  the  whiter  band  features  in  those  sectors. 

The  Dawnside 

Figure  8  has  the  spectral  densities  for  all  three  whistler  bands  for  the  dawn  sector  region 
deiced  by:  03-06  LT.  L«5-6,  Kp>lo  and  both  low  (£5)  and  high  (15-29)  latitudes.  The 
spacecraft  visited  this  region  75  times  at  low  latitudes  a^  67  times  at  hi^  latitudes.  Visits 
were  usually  20-40  minutes  near  the  equuor  and  50-80  minutes  above  15  degrees. 

Both  the  (0.5-1.0)fce  and  (0.3-0J)fce  bands  have  greater  mean  spectial  densities  near  the 
equatin’  tiian  above  15  degrees.  On  the  other  hand,  there  is  little  difference  between  high 
and  low  latitudes  for  the  lowest  band,  (0.3-0J)fce.  in  this  local  time  sectcn’. 


The  Dayside 

The  dayside  12-15  LT  sector  is  shown  in  Hgure  9,  for  Ls5-6  and  Kp>lo.  The  spacecraft 
visited  the  near-equator  region  55  times,  most  commonly  for  70-80  minutes  each.  The  15- 
29  degree  latitude  range  was  visited  101  times,  typically  for  30-60  minutes  each. 

In  the  highest  whistler  band,  the  largest  spectral  densities  are  again  observed  near  the 

equator.  In  the  middle  band,  values  as  high  as  10’^^  are  seen  in  both  latitude  ranges.  In 
contrast  to  these,  the  largest  spectral  densities  in  the  lowest  band,  (0.1*0.3)fce,  are  most 
likely  to  be  seen  in  the  15-29  degree  latitude  range  instead  of  the  near<quatorial  region. 


Spectral  Density  per  Visit  vs.  Kp  and  Local  Time 

Spectral  densities  for  all  local  times,  (me  latitude  and  L-shell  range,  and  one  whistler  band 
are  plotted  vs.  Kp  in  Figure  10.  The  data  are  fn*  latitudes  of  5  degrees  or  less,  Ls5-6  and 
frequency  band  (0.1-0.3)fce-  'Hie  largest  mean  spectral  densities  per  visit  occurred  in  the 
midnight  (21-06  LT)  sectors. 

In  dawnside  Itxal  time  sectors,  there  is  an  approximately  proportitmal  relationship  between 
Kp  and  mean  specmal  density.  This  proptntionality  vani^es,  however,  for  12-21  LT.  In 
this  sector,  titere  seems  to  be  no  relationship  between  the  mean  spectral  density  per  visit 
and  Kp  at  the  time  of  measuremem. 

The  lack  of  proportionality  between  Kp  and  spectral  (tensities  from  12-21  LT  may  arise 
from  the  drift  time  of  the  electrons  that  amplify  these  waves.  In  the  midni^t-pre^wn 
sector,  the  Kp  values  at  the  time  of  measurement  could  be  simultaneous  with  the  injection 
of  the  electrons  that  amplify  the  observed  waves.  On  the  dayside,these  two  may  no  Itmger 
be  simultaneous  due  to  the  electron  drift  time  and  the  three-hour  Kp  binsize.  The  lack  of 
Kp-spectral  density  proportitxiality  afto*  12  LT  suggests  that  electrons  may  drift  there  in 
almut  1.5  hours  or  more.  An  upper  limit  of  electron  energy  may  be  roughly  estimated  from 
this  time  limit  A  complete  drift  time  of  3  hours  for  an  equatorially  muroring  electron  in  a 
dipole  field  at  L=5.5  would  be  would  be  approximately  44  keV  (estimated  from  Davidson, 
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1977),  which  is  an  energy  suitable  for  amplification  of  whistler  mode  waves  below  O^fce 
(Inan  et  aL,  1992). 


Survey  Results  for  the  (l-3)Fce  Band 

Figure  11  shows  the  mean  logs  of  ^)ectral  density  for  each  of  die  three  latitude  ranges,  at 
aU  local  times  and  L<  shells  for  the  (1>3)^  band.  The  means  were  calculated  for  low 
(<lo)  and  high  Kp  (>lo). 

The  largest  mean  q)ecttal  densities  occurred  within  5  degrees  of  the  mayetic  equator,  in 
the  21-09  (midni^t/dawn)  sector,  for  L>*4.  The  lowest  mean  values  within  5  Agrees  of 
the  equator  were  m  the  15-18  LT  sector.  Between  15  and  29  degrees,  the  lowest  occuired 
in  the  12-18  sector,  a  somewhat  bioader  LT  range 

Although  the  (n+1/2)^  emissions  tend  to  intensify  near  the  equator,  the  ^tectral  density 
values  in  Figure  11  are  lower  dian  these  imensificatioos  because  they  are  averages  taken 
over  a  ±5  degrw  range  across  the  equator.  The  intensifications  are  not  always  present 
through  the  entire  range,  eitha  beouise  the  wav^wer  is  more  closely  confined  than  5 
degrees  or  because  of  unceitainty  in  the  calculation  of  the  equatorial  position. 

Moieover,  since  the  intensifications  do  occur  mostly  near  the  equator,  the  mean  spectral 
densities  at  higher  latitudes,  above  5  degrees,  are  primarily  dest^ptive  of  the  bani^ 
emissions  that  are  usually  present,  such  as  those  m  Figure  1,  oibu  515,  firom  1300-1400 
UT.  It  is  these  banded  emissions  tto  are  weaker  in  the  15-18  LT  sectt^.  OccasionaUy,  they 

do  not  even  appear  in  that  sector  above  10*^^  v^An^Hz,  which  is  at  the  sensitivity  limit  of 
the  instrument 

For  some  insi|^t  into  how  huge  the  spectral  densities  became,  histograms  of  spectral 
densities  per  visit  to  the  00-03  LT  sector  at  Lr*6-7  and  Kp>lo  are  presented  in  Figure  12. 
The  largest  visit-aveiaged  spectral  densities  were  10*  Within  5  degrees  of  the 

equator  on  one  orbit  in  this  sector,  the  CRRES  survey  detected  the  largest  average 
an^litude  per  visit  of  0.6  mVAa 

At  high  spacecraft  latitudes  (15-29  degrees),  ECH  emissions  occasionally  intensify  such 

that  the  spectral  density  in  the  midnight  1^5-7  regions  could  reach  10'^*^  v^/m^Hz.  Figure 
13  shows  an  example  of  an  ECH  intoisificatum  away  from  the  equate,  in  orbit  0635  at 
1700  UT.  The  amplitude  at  16:57  UT  for  the  lowest  ECH  harmonic,  (l+l/2)fcef  was  0.3 
mVAn. 

Also  contributing  to  the  (l-3)fce  band  were  impulsive  broadband  features  of  the  type  seen 
at  1230  UT  in  orot  0515  (Hgure  1).  During  magnetically  disturbed  times,  when  foe  local 
magnetic  field  and  electron  t^otron  frequency  is  leduc^  the  broadband  power  above  the 
eleoron  cyclotron  frequency  may  be  obsoved  by  the  q)ectrum  analyzer/search  coil  antenna 
on  CRRES.  A  magnetic  component  is  sometimes  observed  above  the  cyclotron  frequency 
for  the  broadband  feaunes. 

Hguie  1 1  shows  mean  logs  for  quiet  Kp  levels  (Kp<slo).  Mean  spectral  densities  did  not 

exceed  2x10'^^  v^/m^Hz  near  foe  equator  and  9x10*^^  v^/m^Hz  above  15  degrees.  On  foe 
nightside,  foe  most  intense  region  is  further  tom  foe  Earth  than  during  Kp>lo. 
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Discussion 

The  Daysidc,  Off-equator  Intensity  Maximum 

The  dayside,  c^-equaux'  intensity  maximum  in  the  (0.1-0.3)^  band  is  a  prominent  feature 
of  the  whisder  data.  This  phoiomenoo  iqmeais  clearly  in  the  lowest  fip^uency  whistler 
band  and  may  extrad  bdow  it,  as  orbit  1049  (Figure  7)  suggests.  Orbits  such  as  1049  and 
the  isolation  of  this  dfect  to  the  whistler  band  bdow  0.3  fee  suggest  that  the  power  is  at 
least  roughly  assodated  with  the  local  dectioo  cyclotron  frequency. 

The  high  latitude  (>1S  degrees)  whistler  power  was  in  some  cases  observed  to  decrease  in 
frequency  as  the  q)aceaaft  moved  outward,  over  distances  of  as  much  as  2Re,  before 
fa^g.  Chrbit  1049  in  Figure  7  is  an  example  of  this.  These  decreases  were  not  clearly 
contrdled  by  dther  the  local  cyclotron  frequency  or  the  equatorial  cycloiron  frequency  for 
the  field  line  of  die  ^lacecraft  Nevettheless,  it  is  possible  that  the  waves  might  be  amplifed 
at  the  equator  and  then  pre^gate  to  the  qiaoecrafr,  although  not  necessarily  on  the  field  line 
of  amplification. 


If  the  whistlers  are  amplified  at  the  equator,  however,  it  is  remarkable  that  the  observed 
disparity  in  spectral  densities  exists  between  high  and  low  latitude  measurements.  Figure  9 
shows  that  CRRES  visited  the  12*15  LT,  L«5*6  sector  56  times  for  latitudes  <«5  degrees, 
and  101  times  above  15  degrees.  Visits  to  latitudes  above  15  degrem  on  the  dayside  were 
separated  from  visits  to  the  equatmial  region  by  at  least  10  hours,  since  the  qiacecraft 
inbound  leg  is  at  different  local  times  and  latitude  bins  than  the  outbound  leg.  In  the  (0.1* 
0.3)fce  bai^  CRRES  observed  mean  spectral  densities  per  visit  of  1*^  and  10**  a  total  of 
48  times  for  latitudes  above  15  degrees,  compared  to  twice  near  the  equator  (<»  5  degrees). 
The  high-latitude  distribution  is  p«dced  at  10^,  while  the  near-equatorial  distribution  is 

peaked  near  lO-^*  v^/m^Hz.  This  could  occur  if  equatixial  visits  happened  to  be  during 
times  when  wave  power  was  weak  at  all  latitudes  on  the  dayside. 

As  a  test  of  this  possibiliQr,  the  distribution  of  Kp  values  at  each  visit  to  the  dayside  regions 
was  compared  to  the  mission  Kp  distribution  with  a  chisquare  test,  to  see  if  samples  were 
made  un^  a  variety  of  magnetoqtheric  condtions.  ^  values  fat  the  12-15  LT  seeux  at 
high  latitudes  and  L^4-7  were  in  good  agreement  with  the  mission  Kp  distribution,  with  at 
least  85%  probability  of  exceeding  chisquare.  Near  the  equator,  the  piobabili^  was  40% 
for  the  Ls^7  region,  and  at  least  60%  for  L«4-6.  This  suggests  that  the  dayside  regions 
were  sampled  under  a  range  of  conditions  similar  to  those  during  the  mission  as  a  whole. 
CRRES  should  have  found  itself  on  the  dayside  equator  during  times  of  strong  whistler 
power  just  as  often  as  it  did  above  15  degrees. 

It  is  also  possible  that  the  most  intense  whistlers  were  anqrlified  on  the  equator  further 
away  than  6.3Re,  the  CRRES  etjuatorial  apogee,  and  arrived  at  CRRES  off-equator 
positions  via  unguided  propagation.  The  equatmial  (31RES  positions  might  not  be  as 
accessible  fex  such  a  source.  It  should  be  noted  that  the  mean  mectral  density  at  die  highest 
dayside  latitudes  for  L>7-8  is  less  than  for  La4-7.  At  L«7-8,  CRRES  should  be  closest  to 
a  source  region  in  the  hi^  latitude  magnetK  field  minima. 

Thome  et  aL  (1973)  and  references  therein  suggested  that  some  whistler  waves  may  leak 
from  inside  the  plasmasphere  from  high  latitudes  on  the  dayside.  The  plasmapause  density 
gradient  is  expected  to  be  weaker  there  than  on  the  nightside  because  of  the  outflow 
ionospheric  plasma.  Thome,  et  aL  also  expected  Landau  damping  the  escaped  whistler 
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waves  by  ring  current  protons.  Outside  the  plasmasphete,  this  power  might  sdll  be  below 
the  local  eledm  cyclcMron  frequency,  since  whistler  power  inside  the  plasmaspheie  is 
quite  often  observed  to  be  peaked  at  under  1  kHz  and  is  usually  below  the  local  lower 
hybrid  frequency  (Lytms  et  aL,  1972  and  references  therein). 

Russell  et  aL.  (1969)  observed  ELF  hiss  (100* 1000  Hz)  on  OGO  3.  They  found  on  the 
dayside  a  lar^  occurrence  of  steady  hiss  between  30-^  degrees  hmtude  and  beyond 
thw  on  the  equaicv. 

Tsurutani  A  Smith  (1977)  used  an  OGO  5  search  coil  experiment  to  clarify  chorus 
(whistler  mode  waves)  as  either  equarocial  cr  hi^  latitude.  The  equatmial  chorus  was 
found  in  the  postmidnight  and  post-dawn  sectms.  High-latitude  chorus,  found  at  magnetic 
altitudes  abo^  IS  degrees,  occurred  mainly  on  the  dayside.  between  08  and  16  LT.  The 
hi^  latitude  source  was  within  1-2  Re  of  tte  magnetopause.  The  authors  concluded  that 
diis  type  of  chorus  might  be  amplified  whoe  the  magn^  field  tninimirex,  at  laritiiHffy  of 
20-50  degrees  on  the  dayside.  due  to  oxrqnession  by  the  solar  wind  (Roedem,  1970). 
These  minima  in  B  are  lower  dian  at  the  equator  on  tte  same  field  line.  The  high  latitude 
chtxus  observed  in  their  study  had  peak  occurrences  with  frequencies  of  either  less  than 
O.lSfcei  or  else  of  (0.25-0.30)fcei  where  fee  is  the  local  electron  cyclotron  frequency.  (3n 
CRRES,  such  waves  would  be  observed  at  lower  fractions  of  the  local  electron  cyclotron 
frequency. 

Parrot  and  LeFeuvre  (1986)  studied  ELF  hiss  wifo  GEOS-1  and  found  that  outside  the 
plasituq>ause,  there  is  a  p^  occurrence  for  1 1-13  LT  and  20-30  degrees  magnetic  latitude. 
They  calculated  ptopagtuion  directions  and  concluded  that  just  outside  the  plasmapause,  the 
obsmed  ELF  could  be  either  leakage  from  the  plasmasphere  at  high  ladtu^s.  or  a  source 
region  at  ladtudes  above  20  degrees.  Far  from  the  plasmapause,  they  conclude  that  an 
equatorial  source  region  existed  for  ELF  hiss. 


The  Localization  of  Whistlers  Near  fc*/2  to  the  Equatorial  Region 

The  (0J-1.0)€ce  baixl  and  the  (0.3-0J)^  band  cover  the  whistler  waves  above  aixl  below 
the  gap  that  often  occurs  at  0  Jfee*  hi  the  (0J-1.0)fce  band,  the  mean  spectral  densities 
peak  in  the  03-06  LT  sector  on  the  equator.  In  diis  sector,  the  iqiper  baiid  spectral  densities 
fall  off  faster  with  latitude  than  those  of  the  middle  band.  (0.3-().5)^.  For  LsS-6  in  this 
LT  sector,  their  ratio  is  0.7  for  latitudes  of  five  degrees  or  less,  0.01  fw  5-15  degrees  and 
023  fOT  15-29  degrees.  At  the  highest  latitude  range,  the  two  bands  have  comparable 
values. 

In  the  same  sector  and  L-shell  range,  the  lowest  band,  (0.1-0.3)fce.  had  a  mean  spectral 
density  of  about  one-thud  of  the  oodddle  band,  (0.3-0ji)fce>  within  five  degrees  of  the 
equator.  However,  above  15  degrees,  the  ratio  reversed,  and  the  lowest  band  had  a  mean 
value  two  orders  of  magnitude  greater  than  that  of  the  middle  band.  The  lowest  frequency 
band  has  naore  power  further  fiiom  the  equator  than  the  higher  frequency  bands.  This  may 
again  point  to  an  off-equator  source  or  elx  to  low  frequency  wav^wer  that  mote  closely 
follows  the  magnetic  field  away  from  the  equator  than  the  waves  in  the  upper  bands. 

Whistlers  in  the  upper  band  were  not  usually  seen  above  approximately  10  degrees, 
however  those  in  the  lower  band  would  appear  at  higher  latitudes.  Hayakawa  et  al.  (1984) 
calculated  wave  normal  directions  of  chorus  emissions  above  and  below  the  gap  at  GEOS  2 
(Ls6.6).  They  found  that  above  the  gap,  the  chorus  wavenormal  angles  were  close  to  the 
resonance  cone  and  the  waves  were  consequently  quasielectrostatic.  In  that  case,  their 
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phase  speed  would  be  small  and  they  might  Landau  dampen  before  propagating  far  finmi 
the  equator.  The  group  veloci^  of  these  quasielectrostatic  waves  might  alro  ke^  them  in 
the  equatorial  pl^,  propagating  at  large  angles  to  the  magnetic  fiel^  Below  the  gap, 
wavenormal  angles  were  found  to  have  a  range  of  values  below  the  resonance  cone. 

The  gap  may  sooMtimes  be  seen  at  higher  latitudes,  though.  Muto  et  aL  (1987)  published 
two  events  firom  GEOS  1  in  which  a  gap  in  whistler  power  was  observed  at  17  and  at  26 
degrees  ladtude  on  the  dayside.  L  values  were  7.6  and  8,  respectively.  These  regions  were 
not  covoed  well  by  CRR^  due  to  the  ending  of  the  mission.  They  concluded  that  these 
waves  were  excited  at  the  equator  and  propa^ued  to  higher  latitude  even  though  the 
wavenonnal  angles  at  the  ^uator  were  esdmated  via  ray-tracing  to  be  close  to  the 
resonance  cone.  At  the  point  of  observation,  however,  the  26  degree  latitude  event  had  a 
wavexxHmal  angle  15-20  degrees  inside  the  local  resonance  cone. 

There  is  a  local  time  difference  in  the  spectral  densities  for  the  nominally  electrostatic  wave 
ban^  (l-3)fcei  and  the  highest  whistler  band,  (0J-1.0)fce.  The  upper  whistler  band  has 
the  highest  mean  spectral  densities  in  the  3-6  LT  sector,  for  L»S-7.  The  mean  spectral 
densities  per  visit  to  these  regions  are  peaked  in  the  10*^  to  10*^  ^  v^/m^Hz  range.  In 
contrast,  the  largest  mean  values  for  the  (l-3)f(%  band  are  more  extended  in  LT,  particulariy 
in  the  midnight  sector,  from  21  through  09  LT  (Hgure  1 1  (ECH)  and  Hgure  5  (whistler)). 
Roeder  and  Koons  (1989)  expected  a  local  time  difference  between  the  occurrence  of  ECiH 
waves  and  whistler  waves.  Since  the  two  types  of  waves  have  different  energy 
requirements  for  amplifying  particles,  the  LT  pattern  would  be  depend  on  the  convection 
patterns  of  the  two  particle  populations. 


ECH  Waves 

A  great  deal  of  wcx-k  has  been  done  with  regard  to  the  narrow-band  nature  of  ECH  waves, 
their  tendency  to  intensify  at  the  equator,  their  anq>litudes  and  their  capacity  to  precipitate 
electrons  and  cause  the  t^fuse  aurora  (Shaw  &  Gumett,  1975;  Christiansen  et  al.,  1978; 
Hubbard  &  Birmingham,  1978  and  Roeder  &  Koons,  1989).  More  recently,  CRRES  data 
were  used  to  study  ^e  intensities  of  the  harmonics  (Paranicas  et  al.,  1992).  Belmont  et  al. 
(1983)  amdRoeto  &  Koons  (1989)  concluded  from  satellite  surveys  (GEOS  2,  SCATHA 
and  AMPTE IRM)  that  sufficiently  large  amplitudes  rarely  occurred,  and  ECH  waves  could 
not  be  considered  a  significant  contributor  to  the  diffuse  aurora.  The  spatial  distributions  of 
power  in  the  (l-3)fce  band  in  this  survey  are  in  general  agreement  with  the  ECH  survey  of 
Roeder  &  Koons  (1989).  CRRES  spent  more  time  inside  of  geosynchronous  orbit  than 
either  SCAIHA  or  IRM,  improving  sampling  there  at  latinu^  up  to  28  degrees. 

Filbert  &  Kellogg  (1988)  used  the  work  of  Ashour-Abdalla  et  al.  (1979),  together  with 
their  calculation  of  ECH  wavenumbers,  to  estimate  the  energy  of  the  warm  electrons 
responsible  for  ECH  wave  amplification  to  be  between  tens  and  hundreds  of  eV.  Belmont 
et  al.  (1983)  calculated  the  minimum  wave  amplitude  for  strong  difffusion  at  L=7.  For  the 
cases  of  resonant  particle  energies  of  200  eV  a^  1  keV,  they  calculate  amplitudes  of  0.6 
mV/m  and  2  mV^o,  respectively.  Roeder  &  Koons  (1989)  estimate  from  the  calculations 
of  Belmont  et  aL  (1983)  and  O^niti  (1985)  that  ECH  amplitudes  for  strong  diffusion  for 
1  keV  electrons  in  the  L=4-8  range  shtxild  be  1-14  mVAn  (the  higher  is  for  lower  L 
values).  In  none  of  the  equatorial  regions  sampled  by  CARRES  was  the  mean  amplitude  per 
visit  greater  than  0.6  mV/m. 

The  (l-3)fce  band  measurements  include  the  contributions  from  broadband  features  as  well 
as  those  from  the  ECH  emissions.  Some  examples  of  the  broadband  waves  may  be  found 
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in  orbit  0515,  Hguie  1,  firom  1200  to  1240  UT.  These  impulsive  waves  extended  from 
below  ^  up  ID  approximately  the  continuum  radiation.  They  were  observed  at  aU  latitudes. 
Nevertheless,  the  results  of  tl^  survey  are  consistent  with  tte  conclusions  ci  Beimcmt  et 
aL  (1983)  and  Roeder  &  Koons  (1989)  that  amplitudes  in  this  band  are  rarely  strong 
enough  to  cause  the  strong  difliisimi  expected  for  the  diffuse  aurora. 

Roeder  &  Koons  (1989)  also  noted  a  larinidinally  isolated  population  of  ECH  waves  at  18- 

20  degrees  latitude.  CRRES  observed  ECH  enhancements  up  to  10'^'^  at  latitudes 

up  to  25  degre(».  In  the  midnight  sector,  these  events  he4)ed  raise  the  off-equator  mean 
spectral  doisities  to  within  two  orders  of  magnioide  oi  the  largest  mean  values  on  the 
equator. 


Summary 

In  the  two  highest  whistler  bands,  (0.3-0.5)fce  and  (0J-1.0)fce,  the  highest  mean  spectral 
densities  were  in  the  03-09  LT  sector  for  1^5-7.  The  power  in  the  (0.5-1.0)fce  band  is 
concentrated  within  about  10  degrees  of  the  equate.  Tlie  local  time  pattern  is  consistent 
with  amplification  by  substcxm-injected  electrons. 

The  lowest  whistler  band  also  shows  a  dawnside  peak  in  mean  spectral  density,  however 
the  peak  moves  around  to  the  dayside  with  increasing  latitude.  For  Lb4-7,  the  mean 
spectral  densities  in  the  15-29  degree  dayside  region  exceed  those  within  five  degrees  of  the 
equator.  These  waves  may  be  escaping  from  the  plasmasphere,  or  coming  from  the  minima 
in  magnetic  field  at  high  latitudes  on  the  dayside,  or  from  a  distant  equatorial  source  beyond 
the  plasmasphere.  Since  the  mean  intensity  falls  off  for  La*7-8  on  die  dayside,  the 
minimum-B  regions  may  not  be  the  dominant  source. 

In  midnight-dawn  local  times,  there  is  a  rou^y  propoi^nal  relation  between  the  mean 
spectral  density  per  visit  and  Kp  at  the  time  of  visit.  This  relation  vanishes  for  12-21  LT.  If 
it  takes  more  than  three  hours  for  injected  elections  to  drift  to  noon  LT  and  amplify  whistler 
waves,  the  at  the  time  of  amplification  would  not  be  the  same  as  Kp  at  the  time  of 

injection.  This  drift  time  is  consistent  with  electron  energies  of  tens  of  ke V  at  L=5-6. 

In  the  ECH  band  above  the  largest  mean  intensity  is  in  the  midnight-dawn  sector, 
within  5  degrees  of  the  equator.  The  largest  mean  amplitude  per  visit  was  on  the  equator  in 
the  midnight  sector  and  L=6-7,  at  0.6  mV/m.  The  15-18  sector  had  the  weakest  E(iH 

waves.  In  some  cases,  they  were  not  detectable  at  the  10'^^  v^/m^Hz  level  in  this  region. 
Occasional  off-equatOT  intensifications  of  ECH  waves  contributed  to  off-equator  mi^ight 
mean  spectral  densities  that  were  only  two  orders  of  magnitude  less  than  the  largest 
equato^  mean  values. 
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1.  Introduction 


From  1  April,  1992  to  30  June,  1993  I  was  employed  by  the  Southeastern  Center  for 
Electrical  Engineering  Education  (SCEEE)  as  a  Geophysics  Scholar  for  the 
Geophysics  Directorate  of  Phillips  Laboratory,  Optical  Environment  Division, 
Backgrounds  Branch.  My  effort  focal  points  were  Stephan  D.  Price  and  Frank  O. 
Clark. 

Dtiring  this  period  I  was  involved  in  a  variety  of  projects,  as  described  below.  In  all, 
I  attended  three  conferences  and  published  four  papers.  Additional  publications 
based  on  work  done  during  the  last  year  should  be  forthcoming. 

2.  Effort  Activities 

When  I  arrived  at  the  Geophysics  Directorate,  I  first  prepared  two  chapters  of  my 
dissertation  for  publication.  While  working  on  these,  two  previously  submitted 
papers  appeared  in  press  (LeVan  et  al.  1992;  Landau,  Grasdalen  &  Sloan  1992).  My 
dissertation  focused  on  observations  made  with  the  Air  Force  Geophysics  Lab. 
Infrared  Array  Spectrometer  (GLADYS),  reduction  methods  developed  for  data  fiivm 
this  instrument,  and  results  for  some  celestial  objects.  The  two  chapters  submitted 
in  the  summer  of  1992  covered  the  results  of  maximum  entropy  reconstructions  of 
images  of  a  Ononis,  a  late-type  oxygen-rich  supergiant  with  an  extended  dust  shell 
(Sloan,  Grasdalen,  and  LeVan  1993a)  and  the  Red  Rectan^e,  a  bipolar  nebula 
centered  on  the  star  HD  44179,  well  known  as  a  source  of  the  unidentified  infrared 
(TJIR)  emission  features  (Sloan,  Grasdalen  and  LeVan  1993b).  An  additional  chapter, 
describing  in  detail  oar  maximum  entropy  reconstruction  algorithm  is  still  in 
preparation  (Sloan  and  Grasdalen  1993). 

While  these  articles  were  being  prepared,  I  also  attempted  maximum  entropy 
reconstruction  of  GLADYS  data  taken  in  February,  1991  of  the  planetary  nebtda 
NGC  7027.  This  nebula  is  another  well-known  source  of  the  UIR  emission  features 
and  is  spatially  extended  on  a  scale  of  several  arcseconds.  Unfortunately,  the 
signal/noise  of  the  data  was  not  high,  partly  because  they  were  taken  with  the  slit 
oriented  north/south,  instead  of  NE/SW  along  the  brightest  regions  of  the  nebula.  As 
a  residt,  the  reconstructions  did  not  provide  sufficient  spatial  resolution  to  justify 
publishing  the  results. 

I  devoted  most  of  the  summer  to  in-house  projects  for  Steve  Price  and  Frank  Clark. 
I  first  prepared  a  catalog  of  known  sources  of  UIR  emission  (roughly  100),  and  then 
began  to  work  on  a  more  extensive  catalog  of  bright  infirared  sources.  Concurrent 
with  this  was  an  effort  to  check  the  spectral  templates  of  Martin  Cohen  for  five 
standard  stars.  These  templates  were  constructed  by  splicing  spectra  firom  a  variety 
of  sources  together  to  cover  the  wavelength  range  2-30  pm.  They  provide  the  best- 
calibrated  spectra  available  for  the  standard  stars  a  L3nrae,  a  Canis  Majoris,  a 
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Bodies,  a  Tauri,  and  0  Pegasi.  By  combining  photometric  data  firom  the  Catalog  of 
Infirared  Observations  (CIO;  Gezari,  Schmitz,  and  Mead  1987)  and  the  spectral 
database  firom  the  Infirared  Astronomical  Satellite  Low-Resolution  Spectrometer 
(IRAS  LRS),  I  was  able  to  show  that  Cohen's  spectral  templates  were  at  least  as  good 
as  the  available  data.  These  comparisons  were  presented  at  the  Infirared  Celestial 
Backgroimds  Review  held  at  Utah  State  University  14-15  July,  1992.  Work  on  the 
catalog  of  bright  infirared  sources  eventually  culminated  in  a  catalog  of  348  sources 
with  12  pm  fluxes  brighter  than  a  magnitude  of  -2.  We  are  still  planning  to  use  the 
CIO  and  LRS  to  produce  spectral  energy  distributions  for  all  of  the  sources  so  that 
we  may  develop  classification  schemes  ^m  the  database. 

One  small  project  pursued  at  this  time  was  assisting  with  a  proposal  by  Gary 
Grasdalen,  J.A.  Benson,  and  Tom  Hayward  to  refurbish  the  10  and  20  pm  6-channel 
spectrometers  at  Wyoming  by  inatolHng  two-dimensional  arrays.  This  proposal  did 
not  receive  funding  firom  the  National  Science  Foundation.  A  more  involved  effort 
was  a  proposal  with  Charles  Woodward  to  observe  the  Red  Rectangle  with  a  long-slit 
spectrometer  at  3.3  and  3.4  pm  at  IQtt  Peak  National  Observatory.  The  initial 
proposal  to  observe  in  the  spring  of  1993  was  rejected,  but  we  resubmitted  the 
proposal  and  received  two  nights  for  November,  1993. 

The  departure  of  Paul  LeVan  firom  the  Geophysics  Directorate  made  it  necessary  for 
me  to  step  in  and  take  his  place  in  the  project  to  refurbish  GLADYS.  The  plan  was 
to  completely  replace  all  of  the  electronics  in  this  instrument,  the  clock-drives,  the 
array  inputs,  ^e  pre-amps,  the  analog-digital  converters,  and  the  co-adder 
electronics,  with  equipment  firom  Wallace  Instruments  in  Ithaca,  New  York.  This 
project  also  involved  Peter  Tandy,  an  engineer  here  at  Phillips,  and  Bruce  Pirger,  a 
summer  student  firom  Cornell.  By  the  end  of  the  summer  the  electronics  were 
working  on  their  own,  and  in  the  fall  we  integrated  the  electronics  with  the  detector 
array.  Gary  Grasdalen  and  James  Weger  flew  out  firom  Wyoming  in  November  to 
assist  in  a  series  of  tests  to  calibrate  the  system  and  determine  its  capabilities. 
Initial  estimates  that  we  had  solved  serious  problems  with  the  older  system  and 
improved  the  noise  by  a  factor  of  ten  later  proved  to  be  correct. 

While  working  with  GLADYS,  I  also  began  a  study  of  an  interesting  13  pm  emission 
feature  associated  with  the  strong  silicate  emission  feature  at  10  pm  seen  in  some  of 
the  LRS  spectra.  This  investigation  has  continued  through  the  winter  and  is  now 
approaching  publication.  Preliminary  results  were  presented  at  the  summer  meeting 
of  the  American  Astronomical  Society  (AAS)  in  Berkeley  (LeVan,  Sloan,  &  Little- 
Marenin,  1993).  We  have  found  73  sources  of  the  13  pm  emission  featiuro.  The 
typical  source  is  a  giant  of  spectral  class  M6  or  M7,  a  semi-regular  variable  (SRb), 
and  has  an  LRS  characterization  of  14-15  or  21-24  (weak  silicate  emission 
superimposed  on  a  stellar  continuum).  When  we  complete  work  on  comparison 
samples  of  galactic  Mira  and  SRb  variables,  we  will  be  ready  to  publish  our  results. 
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For  the  most  part,  my  work  since  the  fall  has  focused  on  GLADYS.  Our  first 
observing  run  at  the  Wyoming  Infrared  Observatory  (WIRO)  was  scheduled  for  late 
February,  and  a  tremendous  amount  of  lab  work  and  programming  had  to  be 
completed  before  then.  One  break  was  the  winter  AAS  meeting  in  Phoenix,  where 
I  presented  my  methods  of  data  reduction  for  long-slit  spectroscopy  and  the  results 
from  my  dissertation  (Sloan  1993).  A  second  diversion  was  the  preparation  of  a 
proposal  to  the  NASA  Astronomical  Data  Program  with  Bob  Stencel  and  Martin 
Cohen  to  study  the  LRS  database  to  better  understand  the  nature  of  stellar 
photospheres  and  dust  shells  in  the  7-25  pm  regime.  Finally,  during  this  period  I 
also  prepared  a  Report  of  Operations  of  the  Air  Force  Geophysics  Laboratory  Infrared 
Array  Spectrometer,  presently  in  press  as  technical  report  PL-TR-93-2012  (Sloan, 
LeVan,  and  Tandy,  1993) 

The  first  observing  run  at  WIRO  was  a  limited  success.  Peter  Tandy  and  I  were  met 
by  Bruce  Pirger  in  Laramie  during  the  week  of  20-26  February.  Pix^er  had  brought 
with  him  the  last  of  the  hardware  to  integrate  with  GLADYS  and  by  the  first  night 
of  the  run,  the  integration  was  complete.  The  run,  which  ran  from  27  February  to 
5  March,  was  flawed  by  poor  observing  conditins  and  by  technical  problems  typical 
for  a  first  run  with  new  equipment.  We  did  manage  to  obtain  data  on  a  variety  of 
objects.  We  confirmed  that  the  noise  equivalent  flux  density  was  about  10  Jy 
as  estimated  in  the  fall.  This  meant  that  we  had  improved  the  system  noise  by  a 
factor  of  10  over  the  old  electronics. 

Preliminary  reductions  of  the  data  from  this  run  were  presented  at  the  summer  AAS 
conference  in  Berkeley  (Sloan  et  al.  1993).  These  consisted  of  both  spectra  and 
spatiograms  (plots  of  ^e  width  of  an  object  as  a  function  of  wavelength)  for  AFGL 
2688  and  IRC4-10216,  both  highly  evolved  carbon-rich  stars,  and  a  Orionis.  Further 
processing  of  the  data  await  the  solution  of  our  calibration  difficulties.  The 
flatfielding  algorithm  is  complicated  by  the  non-linear  nature  of  the  response 
functions  of  the  pixels  on  the  array.  A  rough  algorithm  has  been  developed,  but  a 
more  precise  method  requires  dark  current  measurements.  Since  GLADYS  has  no 
dark  slide,  this  entails  opening  and  temporarily  modifying  the  dewar.  Once  the  data 
can  be  properly  calibrated,  we  will  be  able  to  apply  maximum  entropy  reconstruction 
to  these  spati^ly  extended  sources.  This  step  should  produce  some  exciting  results. 

Peter  Tandy  and  I  returned  to  Wyoming,  working  in  Laramie  21-25  June,  and 
observing  at  WIRO  26-30  June.  This  second  run  was  flawless  firom  an  engineering 
standpoint,  but  again  the  weather  was  marginal.  Most  of  the  data  obtained  consisted 
of  careful  observations  of  standard  stars  to  test  the  assertion  of  Martin  Cohen  and 
collaborators  that  the  spectra  of  late-type  stars  have  an  absorption  feature  at  8  pm 
due  to  SiO  absorption.  This  is  evolving  into  a  separate  project  to  study  the 
dependence  of  this  absorption  with  spectral  type  and  to  parameterize  it  with  physical 
models.  We  obtained  additional  data  on  NGC  7027  (with  a  NE/SW  slit),  and  other 
planetary  nebulae  such  as  IRAS  21282-1-5050.  We  are  planning  to  apply  maximum 
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entropy  reconstruction  to  these  data  in  the  fixture.  Further  observations,  made  in 
collaboration  with  Charles  Woodward,  were  of  Nova  Aquila  1993.  We  plan  to  monitor 
this  and  other  novae  in  the  future. 

An  analysis  of  the  signal/noise  aspects  firom  this  run  indicates  that  the  noise  was 
higher  than  it  was  in  March.  We  suspect  that  the  co>adder  may  be  noisier  when 
operating  at  higher  temperatures.  It  has  become  dear  that  ^e  system  is  not 
background  limited.  The  noise  equivalent  flux  density  is  roughly  a  &ctor  of  4  larger 
than  that  expected  firom  counting  noise  firom  the  flux  from  the  telescope  and  sky. 
Hopefully,  we  will  be  able  to  identity  and  eliminate  some  of  the  noise  sources  in  the 
co-adder  in  the  near  future. 

3.  Conclusion 

The  Geophysics  Scholar  program  has  been  replaced  by  the  Phillips  Laboratory 
Scholar  program,  administered  by  the  Northeast  Consortium  for  Engineering 
Education.  I  am  now  supported  by  this  new  program  and  will  continue  the  projects 
I  have  described.  Some  of  these  are  nearing  fruition  and  their  results  will  soon  be 
prepared  for  publication.  First  among  these  is  the  study  of  sources  of  13  pm 
emission.  The  calibration  issues  with  GLADYS  should  soon  be  understood,  and  this 
will  allow  completion  of  the  studies  of  silicon  monoxide  in  late-type  giants,  and  the 
spatial  variations  in  spectral  behavior  of  the  evolved  stars  AFGL  2688  and 
IRC+10216  and  the  planetary  nebulae  NGC  7027  and  IRAS  21282-f5050. 
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Spatially  Resolved  10  nm  Spectra  of  Cireumstellar  Material 
around  Evolved  Stars 

G.C.  Sloaa  (Phillips  Laboratory) 

Using  a  long-slit  10  tixa  spectrometer  and  new  data  analysis  techniques, 
I  have  resolved  and  studied  the  cireumstellar  emission  from  two  evolved 
stars,  a  Orionis  and  HD  44179.  Maximum  entropy  reconstruction  of  a 
Ori  reveals  that  emission  from  the  object  arises  from  two  sources,  an 
unresolved  photosphere  and  an  extended  region  of  silicate  dust  emission. 
Reconstructions  of  HD  44179  resolve  it  into  a  cool  central  continuum 
source  embedded  within  an  extended  region  emitting  the  unidentified 
infrared  (UIR)  emission  features  at  7.7,  8.6,  11.3,  and  12.7  pm.  As  the 
distance  from  the  central  source  increases,  the  strength  of  the  7.7  pm 
feature  decreases  with  respect  to  the  8.6  and  11.3  pm  features,  and  there  is 
an  enhancement  in  the  strength  of  the  11.3  pm  emission  roughly  1.5  arcsec 
from  the  central  source.  These  results  indicate  that  the  UIR  carriers  are 
forming  roughly  0.5  arcsec  from  the  central  source  and  evolving  as  they 
move  outward. 
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Sources  of  the  13  nm.  Emission  Feature  Associated  with  Silicate 
Dust 

P.D  LeVan,  G.C.  Sloan  (Phillips  Lab.),  I.R.  Little-Marenin  (Wdlesley 
and  Colorado) 

We  have  carefully  searched  the  Atlas  of  Low-resolution  Spectra  (IRAS 
Science  Team  1986,  A&A  Supp/.,  6S,  607;  Volk  aad  Cohen  1989,  A/,  98, 
931)  for  sources  of  the  13  pm  emission  feature  associated  with  silicate 
emission  at  10  /im  first  discussed  by  Little-Marenin  aad  Little  (1988, 
ApJ,  303,  305).  We  have  identified  73  spectra  for  which  the  13  lan. 
feature  is  detected  at  4<r  or  better.  In  several  cases,  we  have  confirmed 
the  existence  of  the  feature  using  GLADYS,  the  Air  Force  long-slit  10  ism 
spectrometer,  at  the  Wyoming  Infrared  Observatory. 

Our  sample  of  13  /im  emission  sources  are  nearly  all  late  M  giants,  the 
majority  of  type  M6  or  M7.  Variability  types  exist  for  54;  over  half  are 
SRb  variables,  while  the  remainder  are  fairly  evenly  divided  among  Miras 
and  classes  SRa  and  Lb.  Most  of  the  sources  have  LRS  characterizations 
of  14,  15,  or  21-24,  i.e.  weak  silicate  emission  at  10  /im.  The  shape  of 
the  silicate  emission  feature  varies  from  a  nearly  classic  10  nm  profile 
broadened  at  longer  wavelengths  to  a  double-humped  profile  with  peaks 
at  both  10  aad  1 1  /tm.  In  the  scheme  of  Little-Marenin  aad  Little,  these 
shapes  would  be  characterized  as  Sil+,  Sil+-)-,  and  3-component.  The 
root  mean  square  radial  velocity  of  our  sample  is  31  km/sec.  The  mean 
angle  from  the  galactic  plane  is  29  degrees,  and  there  are  no  obvious 
dependencies  with  galactic  longitude.  These  properties  mdicate  that  our 
sample  consists  of  old  Population  I  AGB  stars. 

We  have  also  investigated  how  the  strength  of  the  13  nm  emission  varies 
with  spectral  type,  class  and  period  of  variability,  LRS  characterization, 
10  iim  feature  width,  and  galactic  position.  We  find  no  correlation  with 
any  of  these  properties,  indicating  that  the  13  ^m  emission  is  not  unique 
to  any  specific  class  of  Population  I  AGB  stars.  There  is  no  strong  evi¬ 
dence  for  the  contention  that  the  13  /im  sources  are  precursors  to  S  stars. 
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Spatial  Structure  in  the  Infrared  Spectra  of  Three  Evolved  Star* 

G.C.  Sloea,  P.C.  Tandy  (Phillip*  Lab.),  B.E.  Pirger  (Conidl),  T.M. 
Hodge  (Wyoming) 

We  have  spatially  resolved  three  evolved  sources  using  GLADYS,  a 
long'Slit  10  ftm  spectrometer,  at  the  Wyoming  Infrared  ObservaU^. 
These  observations,  made  in  1993  March,  were  the  first  for  GLADYS 
after  a  complete  replacement  of  the  detector  drive  electronics,  ADCs, 
and  hardware  co-adder.  We  studied  each  source  in  a  north/south  and  an 
east/west  slit  orientation.  For  each  set  of  observations,  we  fit  a  ganstian 
to  the  spatial  profile  at  each  wavelength  to  create  a  spatiogram,  or  plot 
of  the  width  of  the  spectrum  as  a  function  of  wavelength. 

In  both  slit  orientations,  the  spatiogram  of  a  Orionis  is  sddest  at  10 
^m,  where  the  contribution  from  the  silicate  dust  in  the  drcumstdlar 
shell  is  strongest.  The  FWHM  at  10  /im  is  2.0  arcsec,  while  our  point- 
source  comparison  has  a  FWHM  of  1.6  arcsec.  These  results  are  very 
similar  to  those  presented  for  a  N/S  slit  by  Grasdalen,  Sloan,  and  LeVan 
(1992,  ApJ,  384,  L2S).  IRC+ 10216  is  also  resdlved  in  both  slit  orienta¬ 
tions,  having  a  FWHM  of  1.9  arcsec  at  11  ftm,  compared  with  1.5  arcsec 
for  a  point  source.  No  spectral  structure  is  apparent  in  the  spatiogram*, 
indicating  that  there  is  little  change  in  the  spectral  character  of  the  emis¬ 
sion  across  the  source.  AFGL  2688  (the  Cygnus  Egg)  is  clearly  resolved 
in  the  N/S  slit  orientation,  where  its  FWHM  at  11  pm  is  2.2  arcsec,  but 
its  spatiogram  in  the  E/W  slit  orientation  is  barely  distinguishable  from 
that  of  a  point  source. 
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GAS-PHASE  ACIDITIES  AND  ELECTRON  ATTACHMENT  PROCESSES  OF 

TRANSmON-METAL  HYDRIDES 


by 

Amy  E.  Stevens  Miller 

ABSTBACT 


The  gas-phase  acidities  of  thirteen  transition-metal  hydride  complexes  were 
determined  by  bracketing  or  equilibrium  proton-transfer  reactions  with  reference  anions 
and  their  conjugate  acids.  All  the  complexes  examined  are  strong  gas-phase  acids,  with 
several  superacids,  comparable  in  acidity  to  triflic  acid.  Electron  attachment  to  the 
superacids  shows  the  rates  to  be  about  1/10  coUisional,  but  increasing  with  temperature. 
The  electron  attachment  rate  coefficients  to  the  carbonyl  hydrides  and  Ni<PF3 )«  are  near 
the  coUisional  UmiL  Electron  attachment  to  the  perfluoio  compounds  SFs ,  SF4 ,  PFs , 
PFs ,  NFs ,  and  WF«  was  also  studied.  These  complexes  show  a  range  of  behavior  in  rate 
coefficients  and  in  temperature  dependence;  neither  rate  coefficients  nor  the  activation 
enthalpies  show  any  obvious  dependence  on  the  election  affinity  of  the  compound  nor 
exothermicity  of  a  dissociative  attachment  channel.  Additional  studies  include 
determinations  of  the  electron  affinities  of  SF4  and  PFs ,  and  examination  of  the  ion 
chemistry  of  Fe‘,  Ca'  and  HCa’,  CaO‘,  and  the  OH*  +  NO  system. 
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I.  INTRODUCTION: 

A  variety  of  Air  Force  applications  require  the  control  of  electron  density  in 
plasmas,  such  as  found  in  the  atmosphere  or  in  engine  exhausts.  The  gas-phase  acidity  of 
a  compound  can  be  one  indication  of  its  potential  as  an  electron  scavenger.  This  is 
illustrated  for  a  noolecular  hydride,  “MH'*,  whose  gas-phase  acidity  (or  nx>ie  strictly,  the 
enthalpy  for  the  dissociation  into  the  free  anion  and  ftee  proton)  is  given  by  eq  (1), 

AH*^[MH1  =  D[M-^  -  EA[M1  +  313.6  kcal/mol.  ( 1 ) 

In  eq  (1).  D[M-H]  is  the  M-4i  hotrwlytic  bond  enthalpy,  EA[M]  the  electron  affinity  of 
the  M  radical,  and  the  ionization  energy  of  hydrogen,  I.£.[H]  is  313.6  kcal/mol.  Weak 
gas-phase  acids,  e.g.,  CH4  or  NHa ,  will  be  relatively  difficult  to  dissociate  into  the  anion 
and  proton,  and  have  large  values  for  Eq  (1)  shows  this  can  be  viewed  in  terms 

of  a  large  difference  between  D[M— H]  and  ^[M].  Strong  gas-phase  acids,  e.g.,  HI  or 
CFa  SOs  H,  are  much  easier  to  dissociate  into  the  anion  and  proton,  and  have  small  values 
for  corresponding  to  a  small  difference  between  D[M— H]  and  EA[M]. 

The  gas-phase  acidity  of  a  compound  is  related  to  attachment  of  a  thermalized 
electron,  eq  (2),  for  which  the  enthalpy  of  the  attachment  process  is  given  in  eq  (3), 

MH  +  e“  (thermal) M*  +  H.  (2) 

- .D[M-H1  -  EA[M]  -  1.48  kcal/mol.  (3) 

As  can  be  seen  in  eq  (3),  there  is  a  slight  enthalpy  provided  by  the  free  electron  at 

any  temperature;  in  eq  (3),  the  thermal  enthalpy  of  the  electron  at  298  K,  or  1.48  kcal/mol 

is  used  illustratively.  As  in  eq  (1),  the  important  energetic  quantity  is  the  difference  in 

D[M-H]  and  EA[M]:  if  D[M— H]  S  EA[M]  + 1.48  kcal/mol,  the  electron  attachment 

process  of  eq  (2)  is  exothermic.  An  examination  of  eqs  (1)  and  (3)  shows  that  this 

energetic  requirement  for  exothermicity  of  eq  (2)  is  equivalent  to  a  requirement  for  the 

gas-phase  acidity,  ^315.1  kcal/mol. 

The  utility  of  these  strong  acids  can  be  found  in  the  ability  to  attach  an  electron  to 

form  a  closed-shell,  and  hopefully  unreactive,  negative  ion.  The  search  for  strong  acids 

prompted  our  examination  of  a  number  of  transition-metal  hydride  complexes,  which  we 

1  2 

expected  to  be  strong  acids  based  on  solution  acidities  and  known  thermochemistry. 

II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT: 

Prior  to  my  tenure  as  an  Air  Force  Geophysics  Scholar,  I  synthesized  several 

transition-metal  hydride  complexes  and  made  preliminary  determinations  of  their 

3 

gas-phase  acidities  at  the  Geophysics  Laboratory.  We  found  the  hydrides  to  be  strong 
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acids  or  gas-phase  superacids.  The  objective  of  my  Geophysics  Scholar  research  effon 
was  to  provide  more  accurate  acidity  detenninadons  fw  those  compounds,  synthesize 
addidonal  metal  hydrides  and  determine  their  acidities,  and  determine  the  kinetics  and 
products  of  the  thermal  electron  attachment  to  the  compounds.  Although  the  hope  was 
that  the  study  of  the  electron  attachment  reactions  themselves  would  be  the  top  priority, 
this  study  required  the  moving  of  the  Flowing  Afterglow/Langmuir  Probe  (FALP) 
apparatus  from  Oklahoma,  and  turning  into  a  “working''  experiment  by  addition  of  a 
substantial  amount  of  additional  equipment,  optimization  of  the  apparams  (e.g.,  inlet 
design),  and  incorporation  of  new  software  for  data  analysis  (installed  in  the  Fall  1992  by 
Patrick  Spanel  and  David  Smith).  Only  then  were  we  able  to  concentrate  on  how  to 
prepare  samples  and  obtain  accurate  attachment  rate  data,  particularly  for  compounds 
with  attachment  rates  near  the  theoretical  limit 

A  second  thrust  of  the  research  was  to  have  been  an  examination  of  the  reactions  of 
the  metal  anions  produced  by  eq  (2)  with  species  important  in  atmospheric  chemistry 
(e.g.,  O2,  NO,  Os ,  HaO),  and  in  combustion  mixtures  (e.g.,  O,  H).  No  progress  was 
made  on  this  objective. 

Other  objectives  of  the  work  evolved  during  the  period  of  the  Geophysics  Scholar 

tenure.  One  objective  became  a  general  understanding  of  both  dissociative  and 

non-dissociative  electron  attachment  processes,  particularly  with  respect  to  perfluorinated 

compounds  (e.g.,  SF4 ,  PFs ).  In  related  studies,  I  participated  in  electron  affinity 

4  5 

determinations  for  SF4  and  PFs .  ’  We  also  examined  attachment  to  non-superacids 
[HMn(CX))6 ,  HRe(CO)8  ],  complexes  with  only  trifluorophosphine  ligands  [Ni(PF3  )4  ], 
and  the  deuterated  complex  DCofPFs  )4 .  I  also  contributed  to  studies  on  other  anions, 
including  Fe’,^  C2  ’  and  HC2 C2 O',^  and  the  HO'  +  NO  system.^ 

m.  GAS-PHASE  ACIDITIES  OF  TRANSITION-METAL  HYDRIDES 

a.  Methods.  The  preparation  of  the  metal  complexes  was  often  the  slow  step  in  the 

research.  In  order  to  obtain  facilities  for  the  preparations,  particularly  the  requirement  for 

a  good  fume  hood,  John  Paulson  arranged  for  laboratory  space  for  me  in  the  Chemistry 

Department  at  Boston  College.  In  addition  to  my  vacuum^nert  gas  manifold  and 

synthetic  equipment,  I  had  access  to  departmental  instruments,  all  of  which  were  crucial 

to  some  aspect  of  the  syntheses.  All  metal  hydride  complexes  were  prepared  by  methods 

3 

reponed  in  the  literature.  Goals  of  the  research  were  roughly  met,  in  that  the  compounds 
chosen  for  synthesis  allowed  study  of  successive  PFs  substituents,  some  middle  to  late 
transition-metals,  and  some  examples  of  first  versus  second  and  third-row  metal 
substitution,  and  the  effect  of  other  ligand  substitutions  [cyclopentadienyl  (Cp),  NO]. 


420 


The  rate  constants  and  ion  products  for  the  ion-molecule  reactions  studied  here 
were  measured  using  a  selected-ion  flow  drift  tube  (SIFDT),  at  the  Geophysics 
Laboratory,  which  has  been  well-described  elsewhere.  Some  detail  on  handling  these 
particular  chemical  systems  follows. 

For  the  CpM(CO)3H  complexes  the  SIFDT  instrumentation  was  not  adequate,  as  it 
does  not  have  the  necessary  resolution  to  study  these  high  mass  complexes  for  which  the 
central  metal  has  extensive  isotopes.  For  this  reason,  we  used  an  afterglow  reactor,  which 
is  equipped  with  an  Extrel  quadrupole  and  associated  electronics,  currently  operating  to 
^,600  amu  with  unit  mass  resolution.  The  disadvantage  of  this  system  is  that  the  ionizer  is 
located  in  the  upstream  end  of  the  flow  tube,  rather  than  in  a  remote  source  with  mass 
selection  of  the  primary  ion.  In  general,  we  were  able  to  select  reagents  which  gave  the 
reference  anion  as  the  major  ion,  and  for  which  the  metal  anion  produced  by  proton 
abstraction  did  not  go  on  to  react  with  the  neutral  used  to  create  the  reference  anion.  This 
instrument  was  designed  for  examining  the  kinetics  of  electron  attachment  reactions,  and 
is  equipped  with  a  Langmuir  probe.  This  probe  proved  crucial  for  the  success  of  this 
work,  as  we  found  that  if  free  electrons  were  allowed  to  persist  in  the  flow  system, 
erroneous  kinetics  and  products  were  observed  on  the  addition  of  the  neutral  metal 
reagent.  In  all  cases  the  electron  density  was  determined  to  be  negligible  at  the  neutral 
inlet  prior  to  the  experiments.  Often  the  reagent  used  to  create  the  reference  anion  could 
be  chosen  or  adjusted  to  achieve  complete  electron  loss,  or  on  occasion  Os  was  added 
prior  to  the  microwave  to  alter  the  chemistry  in  such  a  way  as  to  remove  free  electrons. 

Generally  the  metal  complexes  were  amenable  to  study.  The  percarbonyl 
complexes  tend  to  be  air,  heat,  and  light  sensitive,  but  the  trifluorophosphine  complexes, 
with  even  partial  substimtion,  are  generally  quite  stable.  All  complexes  were  protected 
from  light  while  in  use.  The  complexes  do  not  exhibit  the  redox  chemistry  which  makes 
most  main-group  acids,  such  as  fluorosulfonic  or  trifluoroacetic,  quite  caustic.  If  wet,  the 
PFs  complexes  do  etch  glass  slowly-presumably  by  slow  hydrolysis  of  the  PFa  ligands 
to  make  HF.  No  difficulties  were  found  in  handling  the  pure,  dried  complexes. 

To  obtain  the  kinetics  of  ion  molecule  reactions  it  is  necessary  to  know  the 
concentration  of  the  neutral  reagent,  which  is  done  by  nwasuring  the  reactant  mass  flow. 
The  reactant  flow  was  measured  by  using  a  heat-transfer  type  flow  meter  (MKS), 
calibrated  for  N  2 .  A  conversion  factor  for  other  gases  depends  on  the  heat  capacity  of  the 
flowing  gas.  The  conversion  factors  for  the  metal  hydrides  were  estimated  from  the  heat 
capacity  for  gaseous  Ni(CO)4 ,  from  which  a  conversion  factor  of  0.187  for  Ni(CO)4 
relative  to  N2  is  derived.  A  second  method  to  derive  a  conversion  factor  was  to  take  a 
known  mixture  of  HMn(CO)s  or  HRefCOjs  in  argon,  and  determine  the  variation  in  the 
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"apparent"  rate  constant  as  a  function  of  mixture  percent  These  tests  gave  a  conversion 
factor  of  0.20  ±  0.03,  which  was  then  used  for  all  the  metal  hydrides.  The  inherent 
calibration  errors  suggest  the  rate  constants  reported  here  are  generally  accurate  to  only 
±35%,  although  rate  constants  are  reproducible  to  with  5-10%.  Rates  reported  for  a  scries 
of  ion  reactants  with  a  single  metal  hydride  have  a  relative  error  of  only  -v  10%,  since 
most  of  the  overall  error  pertains  to  the  flow  calibration.  Errors  for  rate  constants 
reponed  for  HMn(CO)4  (PFs )  and  HMn(CO)(PFa  >4  have  errors  4.50%,  since  they 
depend  on  additional  factors,  including  the  rate  constants  for  HMn(CO)s  and 
HMnCPFs  )5 ,  and  any  mass  discrimination  of  the  mass  spectrometer  used  for 
determination  of  the  component  ratios  in  the  mixtures  used  to  study  these  complexes. 

The  CpM(CO)3  H  complexes  have  very  low  vapor  pressures,  which  necessitated 
their  addition  as  the  vapor  from  powdered  samples  held  in  a  glass  bubbler  with  argon  as  a 
carrier  gas.  This  method  can  be  used  to  determine  the  concentration  of  the  entrained 
complex,  if  the  vapor  pressure  of  the  complex  is  known,  and  the  pressure  of  the  earner 
gas  determined  (at  each  flow  rate).  We  did  not  have  a  system  capable  of  measiiring  the 
vapor  pressures  of  these  complexes  at  the  time  the  data  were  taken,  and  will  not  report  the 
relative  rates  of  proton  abstraction  from  the  hydrides  at  this  time.  The  18-elcctron  metal 
anions  were  readily  produced  by  adding  the  entrained  complexes  just  after  the  microwave 
ionizer,  and  rates  of  their  reaction  with  reference  acids  determined  and  reported  here. 

All  the  reference  acids  introduced  as  reactant  neutrals  are  quite  caustic,  and  this 
necessitated  frequent  cleaning  of  the  reactant  flow  meters.  (CT^3  SO2 )  2  NH  has  a  very 
low  vapor  pressure  (4.0. 1-0.2  Torr),  and  was  introduced  by  passing  a  flow  of  argon  over 
the  solid  sample  held  in  a  glass  bubbler  located  after  the  argon  flowmeter.  HI  was 
purified  by  trap-to-trap  distillation  prior  to  use.  Rowmeter  calibration  factors  for  the 
neutral  acids  were  determined  by  known  or  estimated  heat  capacities. 

The  halide  ions  were  produced  by  dissociative  electron  attachment  to  methyl 
halides  or  trifluoromethyl  halides;  other  anions  were  generated  from  the  acid,  anhydride, 
or  ester,  PO3  *  was  generated  from  dimethyl  phosphite;  FSO3  from  a  3: 1  mixture  of  SF4 
(or  SFe )  and  SO2 .  The  (CF3  SO2  >2  NH  was  a  gift  from  D.  DesManeau;  all  other 
reagents  were  purchased  from  commercial  sources  and  used  as  supplied. 

Mn2(CO)i  0  and  ReMn(CX))i  0  were  introduced  into  the  source  by  passing  argon 
or  helium  through  the  powdered  sample  held  in  a  glass  bubbler  located  after  the  flow 
meter,  these  complexes  were  used  to  produce  Mn(CX))5 '  and  Re(CO)5  ,  respectively. 
The  metal  hydrides  were  introduced  as  a  few  percent  mixture  in  helium  or  PF3 .  All  the 
metal  complexes  decompose  in  the  source,  although  the  dilution  helped  to  minimize  the 
speed  at  which  the  source  stopped  operating  due  to  deposits  of  conducting  metal. 
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-9  3  -1-1 

Table  1.  Rate  constants  (in  units  of  10  cm  molecule  -s  )  fOT  proton-transfer 
reactions  of  negative  ions  with  transition-metal  hydrides  less  acidic  than  HI. 


reactant  neutral 


reactant  ion  HMn(CX))6  HRe(CO)s  HMn(CO)4  (PFs ) 


F* 

2.1 

2.1* 

- 

CQs' 

1.1 

- 

- 

HCX)2' 

- 

1.1 

- 

NOa’ 

- 

1.1 

- 

a* 

1.5 

1.5 

0.92 

CHFaCOa 

- 

0.3 

- 

CF3C(0)CaC(P)CHa‘ 

0.16 

NR  (k<0.01) 

- 

CHaaCOa' 

- 

NR  (k<0.01) 

- 

Br* 

1.0 

NR  (k<0.01) 

0.74 

CFs(rOa 

1.1 

- 

- 

CChCOa' 

1.0 

- 

- 

CFsQOS' 

0.15 

- 

0.54 

a^3C(0)CHC(0)CF3' 

NR  (k<0.01) 

- 

0.15 

r 

NR  (k<0.001) 

NR  (kcO.OOl) 

0.12 

P03' 

- 

- 

<0.03 

FS03' 

- 

- 

NR  (k<0.05) 

Ion  products  arc  Rc(<rO)6 "  (65%)  and  HRc(CO)3  F*  (35%). 


b.  Results.  Rate  coefficients  for  reactions  of  negative  ions  with  the 
transition-metal  hydrides  are  reported  in  Tables  1  and  2. 

Highly  accurate  relative  acidities  can  be  determined  from  the  ratio  of  the  forward 
and  reverse  rate  coefficients,  for  a  particular  bimolecular  proton  transfer,  as 
illustrated  in  eq  (5)  for  reaction  of  HMn(CX))6  with  a  reference  base  "X'",  giving  the 

HMn(CO)5  +  X*  »  Mn(CO)6*  +  HX  (5) 
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Table  2.  Rate  constants  (in  units  of  10  cm  -owlecule  -s  )  for  proton-transfer 
reactions  of  negative  ions  Nvith  transition-inetal  hydrides  mme  acidic  than  HI. 


reactant  neutral 


reactant  ion  HMn(CO)x(PFs)6-x  *  HMn(CO)(PF3 )«  HMnfPFsls 


Br‘ 

0.62 

1.07 

- 

r 

0.46 

0.71 

0.31 

PO3* 

0.62 

0.98 

0.47 

FS03‘ 

0.49 

0.93 

0.31 

CF3SO3 

NR  (k<0.002) 

NR  (k<0.005) 

NR  (kcO.OOS) 

(CT3S02)2N" 

- 

- 

NR  (k<0.01) 

reactant  ion 

reactant  neutral 

HCo(PF3)4*’ 

HRh(PF3)4 

HIr(PF3)4 

Br‘ 

• 

• 

0.25 

I* 

0.56 

0.39 

0.15 

P03' 

0.69 

0.53 

0.4 

FS03' 

0.62 

0.44 

0.19 

CF3SO3 

0.58 

0.29 

0.0003 

(CFsSOxlxN 

NR  (k<0.01) 

NR  (k<0.01) 

NR  (k<0.01) 

Sample  consisted  of  a  mixture  of  78%  HMn(CO)3  (PFs  >2  and  22% 
HMn(CO)2(PF3)3. 

-9 

Rate  constant  for  reaction  of  Ci  with  HCo(PF3  )<  is  1.0  x  10 

3  -1  -1 

cm  molecule  -s  . 


equilibrium  constant,  Keq  =  k^/k^,  and  hence  the  free  energy  change,  eq  (6), 

8AG*^cid  =  AG-^.^[HMn(CO)5  ]  -  AG-^.^[HX1.  (6) 

Rate  constants  for  reactions  of  Mn(CO)8  *  and  Re(CX))s '  are  reponed  in  Tables  3 
and  4,  with  the  SAG*  . .  calculated  using  the  forward  rate  constants  from  Table  1. 
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Table  3.  Rate  constants  for  reaction  of  Mn(CO)« '  with  acids,  and  acidity  of  HMn(CO)s 
relative  to  the  reference  acid. 


acid 

rate  constant 

3  -1  -1 

cm  -molecule  -s 

SAG* 

acid 

kcalAnol 

HBr 

1.0x10'^^ 

-4.1 

CFsCOaH 

3.4x10'^^ 

-2.0 

TsC(0)SH 

8.9  X  10'^° 

■*•1.1 

CFsC(0)CHC(OH)CFa 

1.5  X  10*^® 

>-••1.6 

HI 

2.7  X  10'^® 

>+3.3 

HCo(PF3)4 

1.7  X  10'^° 

— 

Table  4.  Rate  constants  for  reaction  of  Re(CO)s  *  with  acids,  and  acidity  of  HRe(CO)5 
relative  to  the  reference  acid. 


acid  rate  constant  SAG  . . 

3  .1  .1 
cm  -njolccule  -s  kcal/mol 


HQ 

4.0  X  10'^^ 

-4.3 

CHFaCOaH 

3.7  X  10'^° 

+0.2 

HBr 

8.0x10'^® 

>+2.6 

CFsCOaH 

5.6x10'^® 

>+2.4 

(T3C(0)SH 

1.7  X  10'^ 

~ 

Although  the  PFs  -substituted  hydride  complexes  all  give  yields  of  the  18-electron 
anions  on  electron  attachment  in  the  source,  the  reference  acids  needed  for  examining  the 
reverse  reactions  of  the  strong  acids  are  generally  not  amenable  to  study.  We  chose  to 
examine  the  reaction  of  (CFs  SOa  >3  NH  with  only  one  of  the  metal  anions: 

Co(PF3 >4 ■  +  (CFs  SOa )aNH  -  (CFs SOa)a N'  +  HCo(PF3 >4  (50%)  (7a) 

-  m/e  -v  559  +  neutrals  (50%)  (7b) 

Pathway  (7b)  is  tentative,  as  the  poor  mass  resolution  did  not  allow  unequivocal 
identification  of  the  ion  product  [We  expect  to  check  the  product  mass  on  the  FALP.] 

3 

The  rate  constant  for  reaction  (7)  is  about  a  factor  of  10  smaller  than  the  rate  constant  for 
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reaction  of  Cl"  with  (CFs  SOa  )aNH,  suggesting  s  10"^^  cm^  n)olecule*^*s‘^ 
Observation  of  the  proton  abstraction  from  (CFs  SOa  )a  NH,  eq  (7a),  is  consistent  with  the 
lack  of  observation  of  the  forward  reaction  of  (CFa  SOa  )aN*  with  HCofPFa  )4 .  and  thus 
confirms  the  bracketed  position  of  the  HCoCPFa  >4  acidity  (as  given  in  Table  6,  below). 

In  an  attempt  to  find  the  relative  acidides  of  the  HCofPFa )  4  and  HRhfPFs  )4 
complexes,  reacdons  (8)  and  (9)  were  examined. 

Co(PF3)4"  +  HRh(PF3)4  -  NR  (k<0.01  X  lO’^cm^-molecule'^  s’b  (8) 

Rh(PF3)4*  +  HCo(PF3)4  -  NR(k<0.01  xlO’^cm^  molecule'^  s'b  (9) 

Other  than  the  two  reacdons  (8)  and  (9),  and  the  reacdon  of  Mn(CO)s  ~  with 
HCo(PF3  )4  (Table  3),  no  other  attempts  were  made  to  specifically  examine 
proton-transfer  reacdons  between  any  of  the  18-electron  metal  anions  and  metal  hydrides. 
Some  indirect  evidence  for  the  fact  that  these  reacdons  are  generally  slow  comes  from  the 
examinadon  of  the  HMn(CO)!n(PF3  )n  mixtures.  For  example,  reacdon  of  reference 
aruons  Cl  *  and  Br"  with  the  HMn(CO)6/HMn(CO)4  (PF3 )  mixture  produces  both 
Mn(CO)s '  and  Mn(CO)4  (PF3 )’  in  the  flow  tube.  If  reacdon  (10)  were  to  occur,  as 

Mn(CO)8"  +  HMn(CO)4(PF3)  -  HMn(CO)8  +  Mn(CO)4(PF3)"  (10) 

might  be  expected  based  on  the  ^,4  kcal/mol  cxothennicity  of  proton  transfer  (Table  6, 
below),  the  intensity  of  Mn(CO)4  (PF3  )*  would  increase  reladve  to  the  intensity  of 
Mn(CO)5 '  either  with  an  increase  in  the  flow  of  the  HMn(CO)5/  HMn(CO)4  (PFa ) 
mixture  or  with  an  increase  in  reacdon  dme  (reacdon  distance  in  the  flow  tube). 

Changing  product-ion  intensity  rados  with  neutral  flow  or  reacdon  distance  were  not 
observed  with  this  mixture  or  any  of  the  other  HMn(CO)m(PF3  )n  mixtures  which  we 
examined,  an  indicadon  that  proton  abstracdon  reacdons  such  as  eq  (10)  are  at  least  an 
order  of  magnitude  slower  than  the  proton  abstracdon  by  the  reference  anions. 

Rate  constants  for  reacdons  of  CpCr(CX))3’,  CpMo(CX})3 ",  and  CpW(CX))3 "  with 
reference  acids  are  given  in  Table  5.  These  experiments  are  consistent  with  results  based 
on  proton  abstracdon  from  the  hydrides  using  the  conjugate  bases. 

In  the  "strong  acid"  region,  which  could  be  considered  from  HCl  and  below,  most 

of  the  detenninadons  of  quandtadve  acidides  have  been  made  very  recendy,  by  Kebarle 

11  12  13 

and  co-workers,  ’  Taft,  Koppel,  Anvia  and  co-workers,  Viggiano  and  Henchman 

14  15 

and  co-workers.  ’  Because  the  acidity  scale  is  not  as  well  established  as  for  less 
acidic  compounds  (see  Lias  et  al.  ^^),  we  summarize  the  current  best  available  set  of 
ACgcid  in  Table  6,  with  appropriate  references.  All  of  the  reference  compounds 

which  were  determined  by  equilibrium  ir^thods  are  assigned  error  limits  of  ±  2.0 
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Table  5.  Rate  constants  (in  units  of  10  cm  -molecule  -s  )  for  reactions  of 
CpM(CO)s  *  with  reference  acids. 


reactant  ion 


acid  CpCr(CX))s‘  CpMo(CO)s'  CpW(CX))3' 


HQ 

NR  (k<  0.005) 

• 

NR  (k<0.005) 

C3IF2C02H 

- 

- 

0.15 

HBr 

NR  (k  <  0.005) 

0.0054 

0J2 

CF3CO2H 

0.099 

0.087 

0.20 

CT3C(0)SH 

1.04 

0.57 

1.13 

CT3C(0)CHC(0HXT3  0.83 

0.78 

- 

kcal/mol.  Enors  on  the  relative  acidities,  or  are  typically  +  0.2  kcal/mol,  as 

indicated  by  comparison  of  data  from  several  labc^tories.  Table  6  includes  the  enthalpy 
change,  for  the  proton  loss  process  for  each  of  the  reference  acids. 

With  the  acidities  for  the  referents  acids  established,  we  can  now  quantify  the 
acidities  of  the  transition-metal  hydrides.  AG*^^[HMn(CO)t  ]  is  determined  by 
comparison  to  HBr,  CF3CO2H,  and  CF3C(0)SH  (as  shown  in  Table  3),  and  the  average 
value  reported  in  Table  6.  For  HRe(CO)3 ,  only  SAG’^^j  by  comparison  to  CHFa  CX32 H 
is  known  with  any  degree  of  accuracy  (Table  4),  and  used  to  determine 
AG*and[HRe(CO)  *  1  reported  in  Table  6. 

In  two  cases  we  observe  proton  transfer  rates  in  the  forward  direction  which  appear 
to  depend  on  the  nature  of  the  reference  anion:  rate  constants  for  reaction  of 
CFa  C(0)CH(0)CH3  ’  with  HMn(CO)5 ,  and  reaction  of  CFs  C(0)CHC(0)CF3  ’  with 
HMn(CO)4  (PF3 )  are  both  about  a  faaor  of  10  below  what  is  expected  for  collisional  rate 
constants.  These  two  reactions  involve  a  highly  delocalized  "carbon"  anion,  and  the  slow 
rate  of  the  reactions  is  consistent  with  the  slow  rate  of  reaction  observed  for  other 
delocalized  anions.  In  all  other  cases,  reactions  in  the  forward  directions,  proton 
abstraction  from  the  metal  hydrides  by  X*,  are  all  consistent  with  the  usual  assumptions 
used  in  bracketing  reactions:  Observation  of  fast  proton  transfer  to  the  reference  anion 
shows  the  metal  hydride  to  be  the  stronger  acid  than  the  reference  neutral,  that  is, 
AG*^id[metal  hydride]  s  AG'^^[HX].  Observation  of  a  much  slower  reaction  rate  or  no 
proton  transfer  shows  the  metal  hydride  is  the  weaker  acid,  that  is,  AG*^.d[metal  hydride] 
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Tabic  6.  Scale  of  acidities  of  the  refererKX  acids  and  transition-metal  compounds.  All 
data  in  kcal/moL 


acid 

^•acid 

reference 

HF 

371.5  ±0.2 

365.7  ±0.5 

17 

CHOs 

357.1  ±6.3 

349.3  ±6.0 

16 

HCOaH 

345.3  ±2.3 

338.3  ±2.0 

11 

HNOa 

340.3  ±2.1 

332.6  ±2.2 

16 

HQ 

333.4  ±0.2 

328.0  ±0.5 

17 

HRc(CO)5 

332.7  ±3.6 

324.0  ±2.6 

equilibrium 

CHFaCOaH 

330.8  ±2.3 

323.8  ±2.0 

11 

CF3C(0)CHC(0H)CH3 

328.8  ±4.1 

322.4  ±2.0 

12 

CHChCXlaH 

328.9  ±2.3 

321.9  ±2.0 

11 

HBr 

323.5  ±0.1 

318.3  ±0.4 

17 

CF3CX)jH 

324.4  ±2.3 

317.4  ±2.0 

11 

CpW(CX))sH 

324  ±5 

317  ±3 

bracketed  position 

CCIsCOjH 

319.9  ±2.9 

312.8  ±2.0 

16 

HMn(CO)» 

323 3.6 

314.8  ±2.6 

equilibrium 

CpMo(CO)3H 

321  ±5 

314±3 

bracketed  position 

CpCr(CO)3H 

321  ±5 

314  ±3 

bracketed  position 

CF3C(0)SH 

319.7  ±3.0 

313.6  ±2.0 

13 

CF3C(0)CHC(0H)CF3 

318.0  ±4.1 

31 1.6  ±2.0 

13 

HMn(CO)4(PF3) 

3 19.2  ±5.0 

310.5  ±3.0 

bracketed  position 

HI 

314.4  ±0.1 

309.3  ±0.4 

17 

HPO3 

310.7  ±3.6 

303.4  ±4.2 

14 

FSO3H 

308  ±3 

301.3  ±3.0 

15 

HMn(CO)3  (PF3  )3, 

309.4  ±5 

300.7  ±3 

bracketed  positions 

HMn(CO)a(PF3)3. 

HMn(CO)(PF3)4. 

HMn(PF3)s 

HIr(PF3)4 

306.4  ±5 

300.7  ±3 

bracketed  position 

CF3SO3H 

307±3 

300.1  ±2.0 

13 

HCo(PF3)4, 

304.0  ±6 

297.5  ±4.6 

bracketed  positions 

HRh(PF3)4 

(CF3S02)3NH 

302±3 

294.9  ±2.0 

13 

428 


*  For  HCoCPFs  >4  and  the  remaining  hydrides,  all  the  AG*^  were 

determined  by  bracketing  reactions  in  this  fashion,  with  f<^  the  metal  hydrides 

arbitrarily  assumed  to  be  the  average  of  the  acidities  of  the  bracketing  acids.  For  places 
where  more  than  one  metal  complex  is  placed  within  a  single  bracketed  position,  as  is 
particularly  noticeable  between  FSO3  H  and  CFs  SOs  H.  no  leladve  ordering  of  the 
AG*^  could  be  determined  fm*  the  metal  hydrides.  No  energetic  ordering  is  therefme 
implied  by  the  order  in  which  the  several  metal  complexes  have  been  listed  in  the 
bracketed  posidon. 

Errors  placed  on  the  acidides  of  the  metal  hydrides  incorporate  the  error  in  the 
absolute  acidides  and  errors  from  the  bracketing  reactions  or  from 
determinations.  Since  the  acidities  of  the  metal  hydrides  are  determined  by  bracketing 
experiments,  however,  the  relative  acidities  of  one  to  another  are  more  accurate  than  the 
error  bars  indicate.  All  are  determined  by  calculating  the  from  rotational 

symmetry  numbers  and  are  given  in  Table  6. 

c.  Conclusions.  ThccomplexcsHCo(PF3)4,HRh(PFs)4,HIr(PF3)4, 

HMn(CO)3  (PF3  )a .  HMn(CO)a (PF3  >3 .  HMn(CO)(PF3  >4 .  and  HMnCPFs  U  arc 
"gas-phase  superacids",  comparable  in  acidity  to  triflic  acid,  and  among  the  strongest 
acids  known.  All  other  hydride  complexes  examined  are  strong  acids.  The  acidities 
increase  from  the  middle  to  right  of  the  transition  series,  and  decrease  with  third-row 
metal  (but  not  necessarily  second-row  metal)  substitution.  Data  for  the  manganese  series 
show  that  acidities  increase  xA  kcal/mol  with  initial  PF3  for  CO  substitution,  but  the 
effea  is  evident  only  for  the  first  two  substitutions. 

Some  data  on  the  bond  strengths  and  election  affinities  are  available,  although  they 
will  not  be  presented  here.'^  ’  These  data  indicate  the  transition-metal  hydrides  are 
generally  strong  gas-phase  acids  as  a  result  of  relatively  small  metal-hydrogen  homolytic 
bond  energies  ('n.  60  kcal/mol)  and  relatively  large  electron  affinities  (‘v  2.5  eV),  as  given 
in  eq  (1).  The  acidity  increase  to  the  right  in  the  periodic  table  is  due  to  increasing 
electron  affinities  of  the  metal  fragments,  although  some  of  the  effect  is  due  to  the 
decreasing  bond  strengths.  The  decrease  in  acidity  going  down  a  column  in  the  periodic 
table  is  due  to  an  increase  in  the  homolytic  bond  energies  (with  the  electron  affinities 
relatively  constant).  The  acidity  increases  with  PF3  substitutions  are  due  to  increases  in 
the  electron  affinities,  with  the  bond  energies  approximately  the  same. 

IV.  ELEfTTRON  ATTACHMENT  TO  TRANSITION-METAL  COMPLEXES 

a.  Methods.  Electron  attachment  reactions  were  studied  using  a  flowing-afterglow 
Langmuir-probe  (FALP)  apparatus  essentially  identical  to  the  apparatus  constructed  by 
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Smith  and  Adams,  and  using  the  same  data  acquisition  and  analysis  techniques. 

Several  systematic  errors  may  occur  as  a  result  of  our  chemical  systems.  Samples  were 
introduced  diluted  to  ^,0.3%  to  10%  in  helium,  because  the  absolute  sample  flow  rates 
needed  were  well  below  the  limits  of  the  flowmeters  (0  to  10  seem).  An  appropriate 
correctioa  was  applied  to  the  flowmeter  reading  to  account  for  the  presence  of  the 
reactant  gas.  All  the  reactant  vap(»s  were  found  to  be  slightly  "sticky**;  we  found  it 
necessary  to  passivate  the  sample  mixture  bulbs  with  1-10  torr  of  pure  compound  at  least 
8  hours  prior  to  preparing  any  sample  mixture.  These  difficulties  fiom 
”stickiness"-absorption  and/or  adsorption  onto  the  sample  bulb  and  inlet  walls  are  most 
pronounced  with  SF4  (and  to  some  extent  I^s).  Passivation  of  the  inlet  system  was 
accomplished  by  flowing  pure  SF4  through  the  inlet  overnight  prior  to  data  collection. 
The  difficulties  in  handling  these  particular  gases  lead  to  large  overall  uncertainties  in  the 
attachment  coefficients  given  in  Tables  7  and  8;  ±  35%  would  be  a  conservative  estimate. 

b.  Results.  HCofPFs  )4  was  nx>st  extensively  studied,  since  it  is  the  strongest  acid 
of  the  metal  hydrides,  and  relatively  easy  to  make  in  large  (5  - 10  g)  quantities.  In  order 
to  study  the  role  of  the  Co-H  vibrational  structure  on  the  attachment,  we  also  examined 
attachment  to  DCofPFs  )4  (made  by  H/D  exchange  with  D20).  Some  data  have  been 
obtained  on  the  electron  attachment  to  HRh(PF3  )4  [which  is  comparable  in  acidity  to 
HCofPFs  >4 ,  but  a  second-transition  series  metal],  HMn(CX))s  and  HRe(CO)s  [which  are 
not  superacids  and  lose  only  CO  on  attachment],  and  Ni(PF3  >4  [which  was  chosen  to 
learn  more  about  the  effect  of  the  PFs  ligand  versus  CO  ligand].  A  summary  of  the  ion 
products  and  rate  coefficients  (P)  of  electron  attachment  are  given  in  Table  7,  and  the 
rates  are  plotted  as  a  function  of  temperature  in  Figure  1. 

The  activation  enthalpies,  for  the  attachment  rates  given  for  HCofPFa  >4  and 
DCofPFs  )4  are  from  fitting  the  entire  temperature  range  to  an  exponential.  The  lowest 
temperature  points  correspond  to  %  60  meV,  and  the  highest  temperature  points 
correspond  to  AH^  -v,  1 15  meV  for  the  HCofPFs  )4  data  shown.  At  the  highest 
temperature,  the  ion  CofPFa  )4  ’  decreases  to  22%  of  the  ion  intensity.  There  is  some 
change  for  HCofPFs  >4  as  compared  to  DCofPFs  >4  in  the  intensity  of  the  ions  produced 
by  H/D  loss  vs.  PF3  loss.  Finally,  although  the  AH  for  the  CO  or  PFs  associative 
detachments  are  listed  as  unknown,  they  are  believed  to  be  nearly  thermoneutral. 

c.  Conclusions.  The  proton  transfer  reactions  of  HCofPF^)^  are  "normal",  that  is, 
the  proton  is  transferred  at  <v50%  of  the  collisional  rate  to  bases  (Table  2).  Thus,  the  fact 
that  the  electron  attachment  to  HCofPFa  >4  proceeds  with  a  rate  coefficient  approximately 
a  factor  of  10  below  the  maximum  collisional  rate  constant  is  strong  evidence  that  proton 
transfer  is  noi  the  mechanism  of  dissociative  electron  attachment  to  HCo(PF2)^.^^ 
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Table  7.  Summary  of  election  anachment  processes  for  metal  complexes. 


P(300K) 

3  -1 

compound  cm  -s 

temperature 

ion 

dependence 

products 

thermochemistry 

HCo(PF3)4  1.8x10** 

mKsi  meV 

Co(PF3)4*  (41%) 

AH  =  -11  (±6)  kcal/mol 

DCo(PF3)4  1.7x10** 

HCi)(PFs  )s  *  (59%)  unknown 

meV 

(>)(PF»)4*  (31%) 

AH  =  -9  (±8)  kcal/mol 

HRh(PF3)4  6x10** 

DCo(PFs  )s  *  (69%)  unknown 

decomposes  with 

Rh(PFs)4*  (55%) 

AH  =  -11  (±6)  kcal/mol 

HMn(CO)8  2x10*^ 

temperature 

HRh(PFs  )s  *  (45%)  unknown 

not  determined 

HMn((X))4* 

unknown 

HRc(CO)s  2  X  10*^ 

slight  increase 

HRc(CX»4* 

unknown 

Ni(PF3)4  1.7x10*^ 

not  determined 

Ni(PF3)3* 

unknown 

• 

3 
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Tamparatur*  (K) 

FIGURE  1.  Electron  attachment  rate  coefficients  for  metal  complexes. 


HCo(PF3  >4  and  DG)(PF3  >4  have  identical  attachment  rate  coefficients,  although  not  ion 
fragmentation  patterns,  and  the  ion  fragmentation  patterns  change  with  temperature. 
These  facts  suggest  that  the  attachment  proceeds  through  a  long-lived  resonant  state,  i.e., 
[HCo(PF3)4*]  .  HMn(CO)5  and  HRe(CX))5  attach  near  the  collisional  rate;  Ni(PF3  >4 
attaches  slightly  more  slowly. 
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V.  ELECTRON  ATTACHMENT  TO  PERFLUQRQCOMPOUNDS 

a.  Methods  and  Results.  I  participated  in  a  number  of  determinations  of  the 
electron  attachment  rates  to  perfluorocompounds.  Methods  used  far  the  attachnKnt 
studies  are  given  in  Section  IV,  and  results  are  summarized  in  Table  8  and  Figure  2. 


Table  8.  Summary  of  electron  attachment  processes  to  peifluoroccmipounds. 


compound 

P  (300  K) 

-1 

cm  'S 

temperature  ion 

dependence  products 

thermochemistry 

SFa 

2.3  X  10'^ 

slight  curvature 

SFe' 

EA[SF6l  =  1.05  (±0.10)  eV 

SFs* 

AHfSFs  *]  A.  +5  to  +28  kcal/mol 

SFa 

2.5  X  10'® 

slight  curvature 

SFa’ 

EA[SF4]  =  1.5  (±0.2)  eV"^ 

PFs 

3.2  X  10‘^° 

slight  curvature 

PFs’ 

EA[PFs  ]  -V  0.80  (±0.20)  eV  ^ 

PF3 

1.5  X  10‘^ 

NA 

NA 

EA[PF3l<0 

NF3 

3.4  X  10'^^ 

mKsO  meV 

F’ 

EA[NF3]<0 

AH[F’]  =  -23  (±3)  kcal/mol 

WFe 

1.1  X  10’^ 

AH*A.330mcV 

WFe’ 

EA[WF6]=  3.36  (±0.2)  eV 

AHCWFs’)  =  +66  (±10)  kcal/mol 

Temperotur*  (K) 

Figure  2.  Electron  attachment  rate  coefficients  for  perfluorocompounds. 
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b.  Conclusions.  Excq}t  for  the  obvious  case  of  PFs ,  which  does  not  attach 
electrons  due  to  lack  of  any  exothermic  pathway,  there  is  no  correlation  in  the  attachment 
rates  with  election  affinity  of  the  attacher  or  exothermicity  of  the  dissociative  attachment 
pathway.  One  supposition  has  been  that  SFa  attaches  rapidly  due  to  the  resonance  with 
the  near-thermoneutral  associative  detachment  channel  yielding  SFs The  ion 
thermochemistry  is  not  available  to  test  this  hypothesis  with  the  other  purely  associative 
attachers  SFa ,  PFs ,  and  WFs .  Election  scattering  data  as  a  function  of  election  energy 
are  available  for  SF« ,  SFa ,  and  PFs ,  and  may  eventually  provide  insight  into  the 
negative  ion  states  responsible  for  the  attachment 


VI.  OTHER  STUDIES 

I  participated  in  a  number  of  studies  using  the  SIFDT  instrumentation.  These 

include:  Determinations  of  the  election  affinities  of  SFa  (1.5  ±  0.2  eV)  and  PFs  (x  0.80 

eV)  by  observation  of  charge  transfer  reactions.  *  A  smdy  of  the  gas-phase  reactions 

of  Fe'  with  five  acids,  which  show  that  electron  detachment  is  either  a  sole  or  dominant 

reaction  channel;  these  reactions  were  used  to  determine  AH^^^fFeH)  =  345.2  ±  4.4 

kcal/mol,  which  determines  the  bond  energy  D'^^^fFe-^)  =  35.1  ±  4.4  kcal/mol.^  A 

study  of  the  chemistry  of  Cs  ’  and  HCa  ‘  which  shows  both  ions  to  be  relatively 

unreactive,  although  the  radical  anion  Ca  reacts  rapidly  with  radical  neutrals.  A  study 

of  the  reactivity  of  the  radical  anion  CaO*,  which  shows  it  reacts  by  H,  H'*’,  and  Ha  ^ 

abstraction,  by  nucleophilic  displacement,  charge  transfer,  and  associative  (or  reactive) 

electron  detachment;  the  chemistry  is  somewhat  analogous  to  that  of  the  radical  anion 
-8 


Oa  .  Finally,  a  study  of  HO  shows  it  to  react  with  NO  by  slow  associative  electron 

-12  3  -1-19 

detachment  (k  4  x  10  cm  ^molecule  *s  ).  Results  of  these  studies  are  all  eithe 
published,  in  press,  or  in  manuscript  form,  and  will  not  be  discussed  in  depth  here. 


Vn.  RECOMMENDATIONS 

In  general,  the  thermodynamic  studies  on  acidities  have  been  completed. 

Additional  research  should  include  the  studies  on  the  ions  formed  by  election  attachment, 
including  the  study  of  the  reactions  with  the  parent  neutrals  and  atmospheric  and 
combustion  species,  as  mentioned  in  Section  n.  Substantial  work  on  the  electron 
attachment  reactions  to  the  metal  hydrides  and  related  complexes  remains. 

In  terms  of  impleihentation,  the  next  step  would  be  to  form  a  collaboration  to  study 
the  effect  of  these  complexes  on  the  plasma  chemistry  and  physics  on  their  addition  to  a 
plasma  arc  in  a  laboratory  setting.  Only  then  would  I  recommend  studies  involving 
atmospheric  releases  or  lab  or  in  situ  engine  exhaust  modification. 
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